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ABSTRACT
The reaction between diazonium salts and hypophosphorous acid, 
reported in the literature as a free radical reaction, has been 
used to initiate the polymerisation of acrylonitrile.
A excess of hypophosphorous acid, as compared with the
diazonium salt, was found suitable, and the diazonium salts were 
usually present at 2% of the molar concentration of the acryloni­
trile.
Oxidizing agents in some cases accelerate polymerisation, and 
copper sulphate, the effect of which was examined in detail, is 
particularly efficient in this respect at very low concentrations.
Representative polymers were analysed, and found to contain
x
permanently bound phospprus. A comparison of the number average 
molecular weights derived therefrom with viscometric molecular 
weights indicates that there is one atom of phosphorus for each 
molecule of polymer.
The effect of different diazonium salts has been examined in 
some detail, Nucleophilic substituents on the benzene ring reduce 
the efficiency of polymerisation, which is accelerated by electro- 
philic substituents.
The system diazonium salt-sodium bisulphite has been found to 
act as a redox system leading to the polymerisation of acrylonitrile.
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THE INITIATION OF VITO POLYMERISATION BT MEALS OF DIAZONIUM SALTS.
I« Redox Polymerisation*
It has been accepted for a considerable period that one 
of the two principal methods by which a vinyl monomer such as vinyl 
acetate CH^sCH'OQC'CH^ can be polymerised is by a free radical mechanism 
the other two major mechanisms being cationic and anionic polymerisation 
Free radical initiation takes place when peroxides such as benzoyl 
peroxide are used as initiators, and fairly complete summaries of the 
early development of free radical theory are given by C. H* Bawn,
(The Chemistry of High Polymers, Butterworths, London, 1948, Ch.3X 
and W. At Waters, (Chemistry of Free Radioals, Oxford University 
Press, 1946* p.195 ©f seq«) .
About 1940, workers in Great Britain, the U.S.A., and 
Germany discovered independently that the rates of polymerisation 
could be increased very markedly by the use of a quantity of 
reducing agent with the free radical initiator. Owing to prevailing 
conditions at the time, none of this work was published until about 
1946. The use of salts of sulphur-containing acids of low oxygen , 
level, e.g. sodium bisulphite and sodium thiosulphate have been 
found particularly useful with a persulphate initiator, (R.G.R.Bacon, 
Trans.Faraday Soc., 1946, 42, 140)• Morgan simultaneously investigated 
initiators comprising persulphate, reducing agent and heavy metal salt, 
(ibid.,169), whilst Baxendale, M.G.Evans, and their collaborators des­
cribed investigations which involved the hydrogen peroxide/ferrous salt
- 2 -
system (ibid., 155)* Work in Germany has been reviewed in a number 
of F.I.A.T. reports (Los. 618, 717, 898, 916).
Most work on Redox polymerisation, which is the term given 
to this type of polymerisation, has taken place either in aqueous solution 
or in aqueous emulsion. For solution polymerisations^ acrylonitrile 
has been found to be a particularly suitable monomer as a subject for 
investigation. This is because the monomer is appreciably water 
soluble, (7*4$ by weight at 25°C, see Davis and Wiedeman, Ind.Eng.Chem., 
1945, 32, 482).
Emulsion systems have also been investigated, particularly 
in the U.S.A. Thus W.D.Stewart (Vinyl and Related Monomers, 
C.E.Schildknecht, John Wiley & Sons, L.Y., 1952, p.93) has investigated 
the copolymerisation of butadiene with aciylonitrile in aqueous 
systems using both heavy metal activators for hydrogen peroxide initiation 
and also a considerable number of reducing agents with hydrogen peroxide 
in the emulsion copolymerisation of butadiene. These include ferrous 
ammonium sulphate, cuprous chloride and 3-mercaptoethanol, (U.S.P.
2,380,474-75 2,380,710? 2,388,372-3? 2,380,905). The term ‘Redox* 
has been adopted from the biochemical sense for the oxidation reduction 
reactions by which chain growth is initiated, and Stewart (see above), 
decided to attempt to apply the electron transfer mechanisms postulated 
for oxidation-reduction systems in the living cell to polymerisation 
systems.
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2# Free Radical Reaction Theory.
The primary step in a Redox mechanism is usually considered
to he a single electron transfer with formation of a free radical,
(R.G.R,Bacon, Quart.Rev., 1955, .2? 287). Considering an organic
2+peroxide RO*OR and a reducing metal ion, M . the first stage of 
the reaction iss-
M2+ + R O O R  > M3+ + R O  + sOR*" (l)
In the presence of a suitable monomer CHgiCHX, this 
process is followed by the usual stages of initiation, chain 
propagation, and chain termination*
CHgSCHX + R O  -------- - >  ROCH2 *CHX» (2)
CHgiCHX + ROCH2*CHX* -— > RQ*CH2*CHX*CH2*CHX*
(3)
 ---- > EO* (CHg'CHX)^*
EO.(CH2 "CHX)* +  EO*(CHg'CHX)^ ------ > R0(CH2 *CHX)n * (C H X 'C H J O R  (4 )
Equation (4) represents the mutual destruction of two 
radicals. Alternative processes may cause chain termination, e.g. 
chain transfer. This may occur with HA, the reducing component of 
the systems-
RO(CH2 *CHX)n # + H A  > R0*(C H 2 *.CHX) *H + A* (5 )
In general, equation (l)takes place at a much lower 
temperature than does the homolytic fission of the peroxide.
Hence Redox systems are much more efficient initiators of poly­
merisation than those which require to he thermally initiated,
2a* Three Component Systems 
In some cases, the presence of heavy metals,(often as 
adventitious impurities) has a profound accelerating effect on the 
polymerisation* Bacon (Quart.Rev*, Loc sit p.290), suggested 
that this is due to readiness of transfer between the metal ion 
in two different sets of oxidation, e.g# copper or iron.
Peroxide Compound (P) + ---> Reduced P + M^+ (6)
Reducing Agent (R) + M*^ + — ~> Oxidized R + (7)
Reduced P, which can be broadly stated to be any 
product formed by reduction of a peroxide, may be a free 
radical and initiate polymerisation, e.g* by a mechanism such 
as reaction (l). Equally oxidized R might fulfil the same 
function, as it might be a free radical, and thus initiate 
polymerisation.
An example of this system is persulphate-cupric ion- 
thiosulphate (Morgan loc.sit,, King and Steinbach, J.Amer.Chem.
Soc. 1930, 52, 4779y and- Sorum and Edwards, ibid., 19$2, 74> 1204).
It will be appreciated that a general elucidation of a 
three component system becomes rather complex, and it may be desirable 
therefore to consider individual three component systems on their merits.
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3* The Effect of Atmospheric Oxygen
Oxygen can'function in two ways in a vinyl polymerisation. 
It can cause the formation of peroxides which are thermally unstable 
and thus initiate polymerisation. On the other hand it may cause 
inhibition or retardation of polymerisation. Its effects have been 
summarised by R.J.S.Matthews (Thesis, University of London, September
1956.)
Sully (J.C.S., 1950> 1498) has shown that it is possible
to use traces of oxygen as a promoter of polymerisation of styrene 
by sulphite in presence of a trace of copper salts. E.A,Bovey and 
I,M.Kolthoff (J,Polymer Sex., 1950, 5^9) in a general study of
inhibitors consider that oxygen polymerises with styrene to form 
a polymeric styrene peroxide. Bacon (Trans, Faraday Soc. loc. ©it)., 
found that using a persulfate/bisufpbite mixture in aqueous polymeri­
sations of acrylonitrile, there were well defined induction periods. 
Qtce polymerisation started however, the rate of polymerisation was 
the same, under nitrogen or under air, and was only heavily retarded 
when pure oxygen was actually bubbled through the solutions. Bacon 
demonstrated that the function of the reducing compound in a redox 
system is not merely.the removal of atmospheric oxygen.
—  6 —
4* The Use of Azo-Compounds as Initiators 
asa'Azobis-isobutyronitrile is a typical initiator of 
this class, and functions by dissociation into two free radicals.
(F.M.Lewis and M.A.Matheson, J.A.C.S. 1949? 71? 747$ also 
C.G.Overberger, M.T.O’Shaughnessy and H.Shalit ibid, 2661.)
(CH,)„ C-N = H-C (CH )
3 2 | | 32   > 2(CH )„ C. + N
CH CH |
CH
For the use of this type of azo-dorivative as a polymerisation 
initiator, see U.S.P. 2,471?959? B.P.626,155*
Azo-bis-nitriles have a number of advantages in that 
they decompose by first order reactions, and tend to be less 
affected by the nature of the reacting medium than peroxide initiators, 
C.C.Price and D,A,Durham (J.A.C.S. 1942, 64, 205S) have 
found that p-bromobenzenediazonium hydroxide functions as an 
initiator for the polymerisation of styrene at 0°C. The reaction 
is ascribed to the formation of a p-bromphenyl free radical*
W.Cooper (Chem. and Ind. 1953, 407) has also examined the 
polymerisation of vinyl compounds in aqueous solution by diazonium 
salts*
A slightly different redox system of initiation 
(A.TfBlomquist, J.R.Johnson & H.J.Sykes, J.A.C.S, 1943? 65?
2446; I.M.Kolthoff, D.S.Brackman and E.J,Meehan, J.Polymer Sci.
3956, 2 1 519) f utilises N-nitrosoacetanilide which isomerises
- 7 -
slowly to-the corresponding phenyldiazoacetate, which decomposes 
homolytically in the presence of ferrous salt of ethylene diamine 
tetracetic acid (denoted FeY) as a reducing agent.
CgH^NCOCH^ — ----^  C^H,^ « NOCOCH^
10
followed by
CUIJT++ + Pel- -___ C,H* + U„ + Pel-6 5 2 / 6 5 2
This system has been used to polymerise styrene and butadiene/styrene 
mixtures. In this case Y represents the ethylenediamine tetracetic 
acid anion, and the oxidation of complexed iron from the ferrous to 
the ferric state is represented.
The reaction between diazonium salts and hypophosphorous 
acid has been examined by Kornblum & Iffland (J.A.C.S., 1949? 7,1? 2137)* 
This was part of an investigation into the reduction of aromatic amines ■ 
of general formula ArM^ to hydrocarbons Ar-H, by diazotisation and 
subsequent reduction. It is considered that this is a free radical 
reaction, and in order to investigate this further, K. Kornblum,
G. 15. Cooper & J, E. Taylor (ibid. 1950? 72, 3013) used a technique 
based on measurement of nitrogen evolved. After preliminary studies 
had shorn that the hypophosphorous acid reduction of p-tolyldiazonium 
hydrogen sulfate was very markedly catalysed by certain oxidising agents, 
such as potassium permanganate and cupric sulfate, attention was devoted 
to the kinetics of the uncatalysed reaction*
~8-
The authors had great difficulty in obtaining 
reproducibility in spite of the exclusion of oxygen and the use 
of pure recrystalled diazonium salts which were stbred in solid 
carbon dioxide under nitrogen. The results were sufficiently 
diverse, however, to indicate the effect of various substituted 
groups in the benzene ring of the diazonium compound on the 
increase in ratio, which can be summarised s
p-OCH, <  p-CH, <  p-M)0 pentabromo — benzene diazonium salt
3 3 d ■
Tests were undertaken at 13«8°C, and the reaction mixture 
contained l/20Q mol p-tolyldiazonium sulphate.., ' l/20 mol of
hypophosphorous acid, and l/200 mol of precipitated barium sulphdteiin 
20 ml of solution. (Equivalent quantities of other diazonium salts 
were used). •
The effect of a number of oxidising agents on the reaction 
was observed, strong catalysts being potassium permanganate, potassium 
dichromate, copper &ulph!atj%ferrous s ulphaiBand copper. The effect 
of these catalysts was very marked, and 5$ copper suljhate (as mols per 
mols, of diazonium salt) increases rate of reaction 700 times.
This reaction is considered to be a free radical process.
Thus it is inhibited for specific periods by reagents such as 
p-benzo~-quinone, "which are known to be inhibitors of free radical 
processes. Erratic behaviour on addition of potassium dichromate ■ 
or potassium permanganate in which the reaction is first promoted,
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then inhibited, is considered to be due to the formation of a 
quinone or semi-quinone, by oxidation of the diazonium salt,
Kormblum and his colleagues suggest that the behaviour 
of diazonium salts with hypophosphorous acid can be accounted for 
by free radical chain reaction by a mechanism such as s - 
Chain Initiation * -
Aryl - N « U - X — $ Aryl'-t U2 + I* (l)
where Y « .OPOHg, Cl, H, etc, 
or, expressed ionically,
Aryl - N2+ + X"  > Aryl' + iJ2 + Y* (2)
Chain propogation is considered to proceed by a mechanism as s - 
Aryl + H3P02— Aryl-H + (HgPOg) * (3)
(HgPOg) + Aryl-]J2+ —  ^Aryl’ + H2 + (H2PC>2)+ (4)
I h2°
H,PO, + B*
5 j
Several forms of the (HoP0o) radical are postulated, which need 
not be considered further at this stage. The order of reactivity 
of substituent groups would indicate that the first mode of initiation 
(l) is the more probable since it would fit in with the order of
reactivity of substituent groups in the nucleus, as electron
attracting groups would lower the electron density at the 
increasing the tendency for the diazonium ion to go over to a 
covalent structure.
The oxidising agents which are effective in accelerating the 
reaction are those capable of bringing a one electron oxidation of 
hypophosphorous acid or the hypophosphite ion. The free radicals 
so produced react with the diazonium ion according to (4)» and 
start the chain reaction.
Thus with copper sulphate 8 - 
Cu++ + HgPOg" Cu + (H2P02)
(H2P02)' + Aryl-Ug  ^  Aryl’ +N2 + (H^ ) 4
Kornblum points out the similarity to redox mechanisms in vinyl 
polymerisations*
The work of Kornblum has been dealt with at some length 
as it is the basis of most of the experimental work of this thesis.
Subsequently to the start of the work described in April 
1954 herein a paper entitled ,fA study of the Mechanism of the 
Sandmeyer Reaction’1 by D. C. Nonhebel and W. A, Waters was published 
(Proc. Royal Soc. A. 1957* 242, 16). The initial stage,
Ar. U2+ + Cu*   Ar + Ng + Cu2+
has been shown to produce free aryl radicals capable of initiating 
vinyl polymerisation. The Sandmeyer Reaction can be considered to 
take place by a mechanism such as s -
-11-
Preliminary investigations in evacuated Thunberg tubes 
with aqueous solutions of purified aryl diazonium fluorohorates 
showed that vinyl polymerisations could he effected during the 
progress of all those reactions for which one-electron~transfer 
mechanisms had heen postulated# In this series of tests each 
mixture contained in 5ml# solution a diazonium fluoroborate 
equivalent to lOmg of Cg and either 0#2ml of
acrylonitrile or 0#05ml of methyl methacrylate* To this 
various materials were added# The Diazonium compounds used 
were those of p-nitrohen z en e, p-chlorbenzene, henzene and p-methoxy— 
benzene* The time for ’‘evident’1 polymerisation was noted*
No ’’"blank” without an added reagent is quoted, hut 
addition of 0#lml of N/lO CuCl caused immediate polymerisation in 
all cases, as did copper powder (0«01g) in N/2 HC1 or HgSO^#
Addition of 0.08N «*. whether neutral or in N/2 HC1 or
■HgSO^  was also very effective, still more so if N/lOO CuSO^ or 
CuGl^ were added * Acrylonitrile commenced polymerising before 
methyl methacrylate in all cases, and the order of effectiveness of 
substituent groups in the henzene ring was g -
: p*N02# > p-Cl* >  H* > p.l
Where sodium hypophosphite and sodium phosphite were 
used the polymers contained incorporated.axyl groups and phosphorus-? 
thus confirming Komblun^s mechanism (see above).
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It was found that both manganic pyrophosphate and 
eerie sulphate could initiate the polymerisation of acrylonitrile 
by oxidising solutions of sodium hypophosphite, giving independent 
evidence that the hypophosphite radical (i-l^ PO^ ) is an initiator 
of polymerisation.
Mn3+ + (H2P02)~ -> Mn2* + (HgPOg*)'
Ce4* +  (H 2P02 ) ~  ^  C e ^  + (HgPOg)
Further studies were made on times for evident
polymerisation using the mixture as above, but buffered at various
levels. The results, as expected, indicate that polymerisation is 
much more rapid at high pH levels, where a much higher level of 
covalent diazonium compound would exist, but in the case of the 
p.NOg.CgH^ derivative polymerisation also takes place in
0.4N or 0.4H HCl,. the inhibition time for HC1 being only
3 minutes as against 60 minutes with H^SO^, using acrylonitrile*
The use of a sodium chloride in the solution also tends to'fhvour 
covalent diazonium compound formation.
Viscometric molecular weights of polyacrylonitrile were 
studied, using viscometric data in dry dimetbylformamide, and the 
Houwink equation s
( J) ) « 3.92 x 104 H  °'75
(P.F.Onyon, J* Polymer Sci., 1956? 22. 13? 19.)
213-
In the quantitative experiments, conversions of the
order of 10 - 20$ were obtained, exact details of times and 
temperatures not being given. Molecular weights varied from 
about 10^ to 10 .^ On the assumption that each polymer molecule 
contains one aryl group only based on molecular weights, and 
after complete reaction of the diazonium compound as indicated 
by absence of a coupling reaction, the percentage of true free 
radical formation was calculated, and was found to vary from 7 
to 35$. Values were highest with pCl-C^H^ derivative, 
intermediate with benzene and lowest with p.MeO.C^H^* These 
quantitative conversions were obtained with a ’’Sandmeyer” mixture 
only, the effect of various salt and cupric chlorides being agddaSed.
Further studies of the products of the Sandmeyer reaction 
are not of immediate interest in this review*
A further study of the polymerisation of vinyl monomers
in aqueous solution has been made by W. Cooper (Chem. & Ind.: 1953*
Noil7.- p. 507*)* Using methyl acrylate and acrylonitrile he
found that rate of polymerisation is proportional to (M^X)^*,
++ ' 2
(Fe ), and (M) ,, (l) being concentration of the monomer* The 
radical forming reaction did not take place with the metal ion in 
its higher valency state, as was shown with copper.
It is considered that in the metal/diazonium compound 
system the formation of free radicals is the major reaction, since 
over 1000 mols of monomer are converted to polymer per mol of ENgX#
-14-
Two further studies of the use of diazonium compounds
G
in initiating polymerisation have heen made recently. They are 
by J, Furukawa, K. Sasaki and E, Murakami (J, High Polymers (Japan) 
1954 > 11* 71# 77? also C,A,, I 9569 501 135^)4 They are the 
application of Ulmann*s reaction to bulk and emulsion polymersation, 
initiation being by diazonium salts and copper, or other *redox* 
additives, such as sodium thiosulphate, and cuprous chloride.
They concluded that the additives markedly accelerated the 
polymerisation reaction as compared v/ith that initiated by the 
diazonium compounds alone.
14A
The Reaction between a Cupric Salt and Hypophosphorous Acid
Since in the redox systems to he described later a copper salt and 
hypophosphorous acid are used simultaneously, it is desirous to record 
early research on the reaction between these two compounds.
A. Cavazzi (Gasz. Chimica Italiana, 1886, 16, I67) described the 
preparation of copper "protochloride” (Cuprous chloride) by the 
following method s-
4 gm. of cupric sulphate, and 2 gm. sodium hypophosphite were 
dissolved in 50 of water, 30 drops of fuming HC1 were added, and 
the mixture heated to 60 - 70°C. Cuprous chloride suddenly precipitates. 
The mixture is cooled, filtered, washed with dilute hydrochloric acid,
(8$ of concentrated acid), and thence with absolute alcohol.
The author recommends that a slight excess of hypophosphorous 
acid be used, and emphasis that a raised temperature is required.
A. Angeli (GfcSSietta Chimica Italiana, I89I, 21 (Pt 2), 258), 
utilised a similar reaction to prepare cuprous chloride in situ for 
use in the Sandmeyer reaction. He gives the following equation s-
2CuClg + HjPOg + HgO » HjPO, + 2HC1 + CUgOlg ^
Like Cavazzi (above) heat is required in order to precipitate the 
cuprous salt.
The experiments recorded later (p.59)? in which no appreciable 
reaction was found at 25°C between cupric sulphate and hypophosphorous 
acid are thus in accordance with the work of Cavazzi and Angeli.
The Scope of this Thesis 15.
The work here described has been designed?-
(i) To elucidate further the diazonium salt/hypophosphorous acid system 
described by Kornblum, with or without further 'redox* additives, by the 
use of the system as initiator in the free radical polymerisation of a 
vinyl monomer$
(ii) To ascertain the efficiency of this system in selected polymerisa­
tions.
It was necessary to establish satisfactory conditions for polymer­
isation, and acrylonitrile was selected as a suitable monomer, owing to 
its appreciable water solubility (7»4$ acrylonitrile in water at 25°C - 
Davis 8c Wiedeman, Ind. Eng. Chem. 37, 4&2, (1945)•
The polymerisations were followed kinetically. Polymers formed 
were purified and molecular weights compared by measuring the relative 
viscosities. The polymers were also analysed for phosphorus and, in 
some cases, copper, in order to obtain information on the nature of the 
polymerisation.
EXPERIMENTAL
Introductory
An experiment based on experiments described by R.G.R.Bacon (Tr„
Par. Soc. 1946, 42, 140) was performed. Apparatus used was a three-
neck litre flask with a glass stirrer passing through a mercury seal at
the central neck, the other necks being fitted with a water cooled con­
denser and thermometer respectively. Apparatus was placed in a water 
bath.
Acrylonitrile (from American Cyanamid Co.) was distilled in air 
in 76.5 ~ 78°C, and stored in glass at -20°P.
200 ml. distilled water was added to the flask and a nitrogen 
stream passed through at 3 - 4 bubbles per minute. Thence were added 
26o7 nil 2$ potassium persulphate (Laporte), 20 ml. of 2% sodium 
metabisulfite solution (Na^ S^ O,-), followed by 10 ml distilled water 
for washing. Indicator paper showed a pH of 4-8. Acrylonitrile 
(16.5 ml.) was added by burette, the temperature of the water bath 
being maintained at 30°C - 1°C., the nitrogen stream being continued.
Cloudiness developed within seconds and the mixture was 
quite opaque in 19 minutes. It was maintained a total of 2 hours, 
then filtered through a Whatman Ho. 5 paper, washed thoroughly with hot 
water and dried for 2 hours at 110~120°C. The final product was a 
slightly sintered friable powder, (13 g.) typical in appearance of 
polyacrylonitrile.
This preliminary experiment indicated that redox experiments 
could be readily repeated without special difficulty.
THE ESTABLISHMENT OF EXPERIMENTAL CONDITIONS
The first experiments were directed towards examining whether 
the individual reactants as described by Kornblum (loc. cit) had any 
direct initiating activity on the polymerisation of acrylonitrile 
monomer. Apparatus was as described above for the repetition of Bacon’s 
experiment, except that the flask was immersed in a thermostat at 
29-5° - 29.8°C.
l) Into 150 ml of distilled water, a slow nitrogen current was
passed for 10 minutes, followed by 10 gms. of acrylonitrile, and after 
a further thirty minutes 1.32 gms of 50$ hypophosphorous acid (Thos.
17.
Tyrer) was added as 9*8 ml of a diluted solution. No trace of 
precipitate of polymer was observed up to 27 hours.
2) Preliminary experiments were made to check the effect of
diazonium compounds alone as initiators for acrylonitrile. The
preparation of the diazonium salt in situ was effected as follows
Freshly distilled aniline (0.93 g ~ M/100) was weighed into
a conical flask, followed by 25 ml. N-HC1, the flask was cooled in ice and
was titrated with If-NaNO^ until a blue colour with starch/iodide paper 
was just observed. This end point v/as subject to further investigation 
at a later stage.
Addition of 12.4 ml. of acrylonitrile monomer to 150 ml water
in which was added a diazonium solution prepared as above, gave no
obvious precipitate after 2:1 ■ hours in either of the above cases. Thermostat 
temperature v/as maintained at 29.8°C, and at this temperature there v/ould 
have been a considerable decomposition of the diazonium salt, but no 
initiation of polymerisation v/as observed. In fact, only a slight darken­
ing of colour of the mixture v/as seen.
3) Use of diazo/hypophosphite system. In this case a temperature
of 12°C v/as used in the thermostat, a cooling coil being used. After 
addition of 10 g acrylonitrile, followed by 5 mil. of rinsing water to 
150 ml. water, a diazonium solution, formed by diazotising 1.05 g. 
aniline with 10.95 ml. M/sodium nitrite (97$ pure according to speci­
fication) was added to the flask at -10°-0°C. This v/as followed by
11.1 ml. of a solution of 33 g. of 50$ hypophosphorous acid in 250 ml. 
water. These v/eights represent approximately equi-molar proportions of
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diazonium compound and' hypophosphorous acid. A nitrogen stream was 
used. A faint precipitate was noticed in 3 hours. The apparatus
was kept in operation for a further 16 hours.
The final product was a yellow-brown liquid with a partly 
gelatinous precipitate. It was filtered, washed with hot water 
repeatedly, and dried at 120°C for 1-g- hours. The product was a 
friable, partially sintered, yellow-brown precipitate, weighing 
0.43 gms only. It was not analysed further, and presumed to be polymer, 
yield being 4* 3$ only, based on original monomer.
4a) Use of potassium permanganate promoter.
3) was repeated except that M/5000 (1 ml N/10) of potassium 
permanganate solution was added immediately after the hypophosphorous 
acid. The purple colour disappeared after 3 minutes § because of the 
haze produced by (presumably) manganese dioxide, the time for formation 
of a polymer precipitate could not be estimated accurately, but it 
was 2-J- - 3§- hours*
After 18J- hours overall time, precipitate was estimated as
above. It was very dark, and yield was 0.285 gms. only (2.85$).
4b) Use of potassium dichromate solution
When 10 ml/N/10 potassium dichromate solution was added under 
corresponding conditions, the polymer precipitate was very small.
5) In view of the rather unsatisfactory nature of the above,
efforts were made to prepare solid benzene diazonium sulphate or the 
corresponding p-toluene derivative. This v/as done by the amyl, nitrite
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method (see Cohen, Practical Organic Chemistry, Prep. 76? P.182 and 
Kornblum, loc cit., p.3019). In practice the crystalline diazonium 
salts, which were difficult to store, were used in the alcohol-wet 
condition, and taken as 5/6 pure on a weight basis. None of these 
diazonium preparations were regarded as very satisfactory. Luring 
handling there seemed to be considerable decomposition.
The best yields of dark product that could be obtained with 
these materials was 8-9$* All polymer obtained in these early 
experiments seemed to absorb a considerable quantity of ethanol when 
this was used as an additional wash.
6) Attempted preparation of benzene diazonium hypophosphite.
33 gms. of 60$. hypophosphorous acid was added to 9*3 gms. of aniline in ethyl 
alcohol, the molar ratio of above being 2.5 hypophosphorous acid :
1 aniline. To this solution 11.7 gms. of amyl nitrite was added at 25°C.
A few minutes after the addition, a violent reaction began to 
take place, accompanied by darkening of the liquid, effervescence, and 
a rise in temperature. This is presumably due to liberated nitrous 
acid acting as an oxidising agent in the presence of ethyl alcohol.
If aniline was dissolved in aqueous hypophospho:-ous acid, and 
sodium nitrite was added at 0°C in an attempt to diazotise the aniline, 
a yellow precipitate began to form when about two-thirds of the sodium 
nitrite was added. Normally, a precipitate of this type is diazoamino- 
benzene, which is formed when the acidity of the diazotising solution is 
insufficient as might be the case when the weak hypophosphorous acid is used.
Further experiments in series 6) were therefore abandoned.
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Use of Excess Hypophosph.ite
According to Kornblum (Organic Reactions, Vol. 2 p.277? a 5-fold 
excess of hypophosphorous acid is essential for a reasonably quantitative 
yield of the reduced product. According to the author’s J.A.C.S. (1950? 
loc. cit) paper a 10-fold excess is used. Accordingly all further 
experiments were modified to have a 5-fold molar quantity of hypophos­
phorous acid relative to diazonium compound. In this case the diazonium 
compound was the hydrochloride prepared in situ. Several runs were con­
ducted with the following mixture.
Distilled water ............................... 150 ml.
Acrylonitrile Monomer ......................... 10 gms.
Aniline ......... ........................ 0.93 gmsj)
N-HC1     25 ml. ))
M-NaK02   .......   10 ml. )
Hypophosphorous Acid  ...............  3*3 gms. (added as
6.6 gms. 50/b acid)
In the above run the stirrer was stopped just after the start 
of the experiment, and only used intermittently. Temperature of the 
thermostat was 20°C.
Under these conditions, in one experiment, a light buff 
precipitate began to form after 30 minutes. In 16 hours, a 40fo yield 
of polymer was obtained. A repeat experiment produced 10% yield only 
in six hours, although in this case the diazonium solution had been 
prepared on the previous day and stored at -20°F. It is worthy of 
note that in this later case the main filtrate, when stored in a bottle 
gave a further precipitate in one day which accounted for a further 7/- of polymer.
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However, the storage of the diazonium solution results in a diminished 
yield of polymer.
It was noted that the precipitate of polymer was white/huff in 
colour, that it was rather gelatinous and was difficult to filter 
through a Whatman No. 531 papery there was an odour of phenol indicat­
ing some decomposition of the diazonium salt? the pH of the first 
filtrate was 1.5.
Use of p-toluidine as Diazonium Base
Recrystallised p-toluidine (Hickson & Welch) (l.07 gms. otherwise 
as on P.20) seemed to produce a more stable diazonium salt, as indicated 
"by better colour and less bubble formation at the start of the 
reaction, A 22 hour run at 20° gave a yield of 22fo polymer after a 30 
minutes inhibition period. More polymer, as with the benzene diazonium 
chloride, was formed in the first filtrate. At 25°C the reaction was 
faster, a polymer yield of 45^ ' being formed in 22 hours.
Addition of Activator
To another run, the quantities on P.20 being retained, 10 ml. of 
N/lO potassium dichromate was added, the temperature being 25°C. The 
addition reduced the inhibition period to between 11 and 15 minutes, 
the colour of the liquid making observation rather difficult.
Between 1§- and 2} hours after starting, the orange colour dis­
appeared, the mixture becoming pale green. After 5i hours the polymer 
was filtered off. It was a dull slate colour and yield was 24.5I*
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Some General Comments on Results at this Stage
There had been some difficulty in getting a true end point 
in the diazotisation in situ, since the starch/iodide papers retain 
a blue colour obviously long before all the equivalent of nitrite has 
been added. At this stage it was considered that a trace excess of 
nitrite was preferable, since excess of amine seemed to cause 
darkening of the polymers formed, and presumably any unreacted 
nitrous oxides were blown out by the nitrogen current. It should be 
noted that according to Kornblum (j.A.C.S. loc cit.) nitrous acid 
itself is an accelerator.
There are also indications that the presence of oxygen may 
not be a serious cause of inhibition owing to the continued formation 
of polymer precipitate after filtration in air.
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THE SIMPLIFICATION OF TECHNIQUE
The general diazonium/hypophosphorous acid technique was found 
to work quite well in 4~oz. or 3-oz. "bottles, almost brim full# The 
bottles were closed with "Bakelite" screw caps, with polyethylene wads, 
screwed on tightly# The modified technique enabled a number of runs to 
be performed at the same time in the thermostat bath which was maintained 
at 25°C with a general level of io.1°C of variation. Prom this stage 
acrylonitrile monomer was invariably measured by volume, a pipette being 
filled by suction from a laboratory filter pump. Attention was also j
directed to reducing the very high quantity of redox initiator (as on j
page 20) relative to monomer. In the earliest work, boiled out 
distilled water was used, and a nitrogen current was maintained until just 
before the bottles were sealed. Later, distilled water was used 
without any preliminary removal of oxygen as there seemed no indication 
that this increased inhibition times appreciably. It was necessary to take 
care that all acrylonitrile monomer was dissolved, since solutions were 
almost saturated under operative conditions.
. |
A final technique of polymerisation which seemed to be generally j 
effective and to be reasonably repeatable was to prepare each diazonium j 
compound in situ in a £-oz. bottle, add distilled water, acrylonitrile ; j
monomer by volume, hypophosphorous acid, added as an M/2 solution in boiled j 
out distilled water, followed by any activator solution. Sodium nitritp, as ! 
available from standard laboratory suppliers was taken as 69/70 pure, 
and its molecular weight regarded as 70 in making up solutions. Diazonium 
solutions were made in situ at low temperature (c.0°C).
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Typical Standard Polymerisation
The following represents a typical "standard" polymerisa­
tion mixture, prepared in a 2 oz. screw cap bottle with either 
polythene wad, or polythene coated card wads bottles were 
immersed up to the neck in a thermostat at 25°C + O.l0^
Addition is in the following orders-
Amine Hydrochloride 10 ml (containing M/lOOO amine
in 2„5 equivalents of HC1.)
Sodium Nitrite (Analytical 5 nil. of M/5 solution.
Reagent taken as 69/70 pure)
Distilled Water 33 ml - xml. (See Copper
Sulphate below).
Acrylonitrile Monomer, 3.3 ml. (2.65 gm).
distilled.
Hypophosphorous Acid 10 ml of M/2 solution.
Copper Sulphate (Analytical x ml. of M/lO or M/lOO as
Reagent, CuSO^, 5HgO) indicated in individual mixes.
On comparison with p.20, it will be observed that the
o f
initiator system has been reduced to 40 Aof the original 
quantities.
Experimental Notes
The above quantity of amine hydrochloride applies to p- 
toluidine, aniline, p-chloraniline and m-nitraniline. In other 
cases it is varied slightly as indicated in the individual mix­
tures. The sodium nitrite was added at 0-12°C over several mins. 
and left standing at temperatures of approximately 10°C for vary­
ing lengths of time to ensure complete diazotisation. Distilled 
water was added at 0-5°C.
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Acrylonitrile monomer was pipetted in the cold (0°C by 
pipette, using water pump suction to fill the pipette, (A 10 ml. 
Grade A pipette). The bottle was tightly closed and shaken to 
dissolve before further additions were made.
After additions of hypophosphorous aoid and copper sulphate 
the bottles were again sealed and shaken to ensure tha acryloni­
trile monomer was completely dissolved. They were then added 
immediately to the thermostat, timing being taken from addition to 
thermostat. Up to 4 bottles were prepared simultaneously.
The appearance of the precipitate was judged visually. 
Materials (Except Amines)
Sodium Nitrite was analytical reagent from Hopkins & Williams 
Ltd. Acrylonitrile was obtained from American Cyanamid Co.
It was distilled under atmospheric pressure with a trace of 
hydroquinone as inhibitor after drying over anhydrous calcium sul­
phate and the fraction boiling between 76»5°S and 78.0°C collected. 
It was stored in an amber bottle at -20°P,
Hypophosphorous Acid was obtained as 50$ solution from 
Albright & Wilson Ltd. It was diluted with boiled-out distilled 
water to M/2 solution and used as such. Purity was checked by 
titrqtion only, the acid having only one replaceable hydrogen.
Copper sulphate, hydrated, was analytical reagent obtained 
from Hopkins and Williams Limited. It was used as either M/lO or 
M/lOO solution.
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Purification of the Polymers
In most of the early experiments, polymer was filtered through
a Buchner funnel with a Whatman 531 paper. The polymer was washed 
with hot water till washings were colourless (at least 100 ml. 
water for the above mixture), followed by boiling isopropanol (99$) 
100-250 ml. of the latter being used. Filtration was slow, due to
the somewhat gela/tinous nature of the precipitate. Drying at
115°C for 2 hours was first used, but later tests indicated that 
8-16 hours at 50°C was sufficient and discoloured polymers far 
less. The lower temperature also caused less sintering, which made 
handling easier. In practice, at various times, intermediate oven 
temperature and times were used.
The slowness of filtration was overcome when it was found 
that freezing the reaction mixture after completion of the experi­
ment was effective in causing a granular precipitate to form. In 
order to destroy excess initiator, the contents of each bottle -.were 
poured into 100 ml..of boiling water on removal from the thermostat, 
followed by rinsing of the bottle with 50 ml. water and boiling for 
ten minutes. This boiled/off any residual acrylonitrile monomer. 
Following this the liquid was neutralised with H-Sodium Carbonate 
solution to a pH of 7-9 (about 12 ml. was required in most cases) 
followed by freezing at 0°F in a.cojd chest followed by thawing.
It should be noted that adding the polymer to boiling water caused 
a big improvement in its whiteness.
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The polymers, which were in a granular, easily filterable condition 
were filtered through a sintered glass crucible, the most convenient 
experimental procedure being to filter through a 2 X 3 crucible or one 
of equivalent porosity fitted into a filter stem, fixed into the tubu- |
lare of a Wittrs Filtration Apparatus:; the washings being collected in !
a 450 nil. conical beaker. In some cases the pH of the filtrate was 
measured, this being usually about 1.2 (Cambridge pH meter). The pre- j
cipitate was washed with a minimum of 150 ml. hot to boiling water,
washings being continued till colour was virtually eliminated. j;
The next washing was with almost boiling isopropanol. Any strong 
colour usually appeared in the first few ml. of filtrate about 100 ml. of j 
isopropanol being used in all. In a few cases as noted in the text, a f
further wash with about 100 ml. of hot toluene was used.
The precipitates, whose colour varied from white to orange, were 
dried as indicated on p.25. These precipitates, considered to be poly- j
acrylonitrile, were retained for further testing, but consecutive samples j
of the same reaction mixture, differing only in time of reaction, were ;
combined, where yield of polymer was very small.
Some of the polymers tended to sinter whilst drying, others remained 
as fine powders. Physical properties were in all cases those expected 
of polyacrylonitrile, and checks were made from time to time on the 
qualitative presence of nitrogen, solubility in dimethylformamide and 
absence of solution in all other common solvents.
Hote of Retention of Polymer Samples
In several cases samples of polymer from individual runs were so 
small that a number representing' experiments under identical conditions 
but with different reaction times, were blended for testing purposes.
EARLY EXPERIMENTS
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The general technique of polymerisation having "been established, 
the first experiments were devoted to further minor improvements in 
technique, and to examination of a number of factors which might affect 
the polymerisation. p-Toluidine was used as the main amine component 
in all these early experiments and experimental headings can he 
summarised as followss-
1) Effect of Nitrogen Purging and of preparation of mixtures in hulk 
as compared with direct preparation of each mixture individually. 
See Tables l/l, l/2, l/4 and 1/5.
It will be seen from these tables that the effect of nitrogen 
purging is not large, the chief variations being obvious in Table l/2, 
and to a lesser extent in Table 1/4. By contrasting l/2 and l/4> 
particularly if the figure of average polymerisation per hour is used, 
which is justified at relatively low conversions, it will be observed 
that it is much more essential to prepare each mixture individually 
(when it may be assumed that contact with atmospheric oxygen will be 
a minimum), than to prepare in bulk and to purge with nitrogen. In 
practice, as the fundamental conditions selected were such as to give 
the highest polymerisation levels and the lowest inhibition times, 
nitrogen blowing was generally discarded.
2) Effect of variation in initiator concentrations and effect of 
increase of hypophosphorous acid ratio.
Tables l/3 and l/5> and to some extent l/6 indicate that increase 
in initiator concentration causes a reduction in inhibition
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time and increased rate of polymerisation. Note that Table 1/6 
records earlier work, where concentrations were about double those 
finally adopted.
Table 1/7, relating to the same conditions as results 
recorded in 1/6 illustrates the improvement obtained by increasing 
the hypophosphorous acid ratio to 10s 1 instead of 5^*
3) Effect of various accelerators on polymerisation
Preliminary tests of a number of accelerators which have been 
found effective are shown in table 1/6. Expt. 44 shows the immediate 
effect of copper sulphate in a proportion just over 1/10 of the molar 
concentration of the diazonium salt. In this case? where distilled 
water was added last, a precipitate formed within seconds of addition to 
the water bath.
Use of Sodium Metabisulphite
The original idee of the addition of sodium metabisulphite was 
to examine whether it would be effective in removing oxygen, and thus 
reduce inhibition time. M/100 solution was used. Some of these early 
experiments are only approximately quantitative due to the rapid oxidation 
of sodium bisulphite solution, even in sealed bottles.
Expt. 44B indicates the effect of sodium bisulphite solution. 
(Solid NagSgOj. was used to prepare the solution). It will be seen that 
whilst- there is still an appreciable inhibition period, the rate of 
polymerisation has increased to a very considerable extent. Since this 
effect of a further reducing agent is rather surprising, some experiments 
were performed omitting the hypophosphorous acid completely. Expts. 46B 
and 51C indicate that the diazo/bisulphite system alone is quite an
effective initiating system, and the higher polymerisation figure in a 
shorter time using the lower bisulphite quantity indicates that there 
may be an optimum.
Copper sulphate and sodium metabisulphite* were used together 
with the diazonium salt/hypophosphite system, and produced the expected 
rapid polymerisation, even when the latter reagents were reduced in 
quantity. (Expts. 46A, 48A, 48B, Table l/6). It was subsequently 
ascertained that the redox system, sodium bisulphite/copper sulphate 
is a well-known one. (Sully, B.P.582134 ’ J.C.S. 1950? 1498)*
This was confirmed by a check experiment in which a modified 
mixture based on the standard one on p.24 was used. Instead of the 
diazonium salt and hypophosphorous acid, 10 ml. of 0.007 molar sodium 
bisulphite and 2.5.ml. of 0.01M copper sulphate were used, the 
distilled water being adjusted accordingly. In this experiment, at a 
temperature of 25°C, a precipitate formed within one minute, and the 
mixture became opaque within three mimutes. After one hour and four 
hours respectively, polymerisation yields of polyacrylonitrile were 
64.3$ and 71.8/C respectively.
If either copper sulphate or sodium bisulphite solutions* were 
used alone, the mixtures showed no signs of the formation of polymer.
In view of the fact that the system copper sulphate/sodium 
bisulphite is an initiator system of its own right, further investiga­
tion of systems which contained a diazonium salt and hypophosphorous 
acid in addition to these reagents, was not undertaken.
* In all cases sodium metabisulphite was used to prepare solutions.
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An investigation at various levels of copper sulphate additions 
to the fundamental system was undertaken, and results are shown in 
Table l/8.
As a control, J3 or J4 or the H series (Table 1/4) ^ay be used. 
The results in Table 8 show the very large increase in a qualitative 
manner, even when copper sulphate is as low as M/l00,000. Nitrogen 
blowing was not used either here or subsequently.
As polymerisation in these experiments was allowed to continue 
for about 20 hours, after which time most of the mixtures had reached 
a high degree of polymerisation, it is not possible to deduce data as 
to rates of polymerisation at low conversions from the data in this 
table.
The diazonium salt/hypophosphite concentrations in these systems 
could be reduced to half, under which conditions no reaction at all 
would occur in the absence of copper sulphate. (Table l/3$ D1 and El 
at 35°C). In the presence of the latter, however, polymerisation is 
comparatively rapid (Ml, M2, M3, M4). The data shown indicate, very 
roughly, that the acceleration due to the addition of the copper salt 
was proportional to the s’quare root of its concentration over the 
values shown.
MISCELLANEOUS EXPERIMENTS
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A number of experiments are recorded here, which owing to 
subsequent development fell outside the main series of polymerisations 
using the diazonium salt/hypophosphorous acid modified systems. They 
are, however, of interest, and are therefore recorded here, as well as 
certain information required for the purposes of ascertaining the 
accuracy of experimental data,
Heating-up of Liquid in Bottles under Thermostatic Conditions.
Some information was required as to the Mheat-upn time of the 2 oz. 
bottles used in tjie experiments at 25°C. The following table gives a 
typical sample temperature record. It seems to indicate that under the 
conditions of most experiments the liquid in the bottle is approaching 
the thermostats® temperature when polymerisation commences. This may 
not be true in cases where inhibition time is very short, although in 
the latter cases the heat of polymerisation would be appreciable. 
Distilled water was used in the following s-
Start 0°C,
5 mins. 17°C,
6 mins, 40 secs. 20°C,
8 mins, 45 secs, 22°C,
11 mins. 23°C.
15 mins. 24°C.
I*
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PARTIAL NEUTRALISATION
Several experiments were performed to test the effect of complete 
or partial neutralisation of hypophosphorous.acid, and of the diazonium
hydrochloride independently. The mixtures used, modified from P.20 were %
1. 2. , '3. 4*
1. Boiled out distilled water 45 ml 45 ml 43 ml 46 ml
2. Hypophosphorous acid (10 ml 
added) 0.33gm 0.33gm - -
3. p-toluidine )
} 10 ml* 
I-HC1 )
— — 0.107gm
2.5 ml
0.107gm
2.5 ml
2A Sodium Nitrite Solution 10 /69  :x M/5 5 ml
(0.070gm)
5 ml
3 N MaOH 5.8 ml 4.5 ml 2.5ml 1.0 ml
pH before adding acrylonitrile 
(Johnsons indicator papers)
4. Acrylonitrile
It should be noted that
8.7 2.5 >10.5 >10.5 
2.65gm 2.65gm 2.65gm 2.65gm 
the sodium hydroxide added in 3) and 4)
is sufficient to just neutralise and to 40$ neutralise the hydrochloric acid 
present} hut note the high recorded pH in each case. (Diazotisation 
effectively neutralises acid as £ odium chloride).
At 35°C, the neutralised hypophosphites showed no sign of 
initiating polymerisation after 20 hours.
The mixtures in experiments 3 and 4 became yellow as soon as 
sodium hydroxide was added. After addition of acrylonitrile monomer, the 
mixtures rapidly became cloudy, and the colour intensified to a brownish 
purple. The precipitate in 3) seemed rather darker than in 4) and it has
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a greater tendency to cream upwards.
After the reaction had continued for nineteen hours, mixture
3) had an apparent precipitate which filled half of the bottle, whilst 
that of mixture 4) filled on quarter of the bottle. There was some 
release of pressure when the bottles were opened, which caused a slight 
loss of the precipitate in mixture 3) .
case and about 50 m3 water were used to rinse out precipitates which tended 
to adhere to stoppers and sides of bottles. Polymers were filtered and 
washed by a standard method through sintered crucibles except that an 
additional toluene washing was used. Some experimental details are 
included herewith.
probably due to free radicals forming from the covalent p-toluenediazonium 
hydroxide which would exist at the pH of the experiment (see C„C. Price, 
J.A.C.S., 1942, 64, 2508 and W. Cooper, Chem & Ind. 1953, p.407). Compare 
Table l/l, Cl and C2 similar to above in which H^PO^ is omitted.
Precipitates were added to 50 ml of boiling water in each
3- 4-
Aqueous filtrate 
Aqueous washings
Bright yellow Pale lemon yellow
Almost colourless Very pale lemon yellow
pH " filtrate (to 175 ml) 
Isopropanol washings (300 ml) 
Toluene Washings
Pinal ppt. colour (after drying) 
i° Polymerisation
Drying was at 120 C for about 10 hours, producing a friable polymer.
Brick red
Dark tan
Dull red
31.3$
10.5
Orange/yellow 
Orange/yellow 
Dark tan
13-156
2.7
It may be observed that polymerisation as evident in this case is
Some Miscellaneous nBlanku Experiments
Control experiments with copper sulphate or sodium bisulphite 
alone (p.28) are ineffective in initiating polymerisation of acrylonitrile.
An un-neutralised p-toluene diazonium chloride will not
initiate polymerisation under the operating conditions.
&
With sodium sulphite^hypophosphorous acid alone as initiators 
in a standard system (8 oz. bottle scale) (.OI58 g sodium metabisulphite % 
.82 gm hypophosphorous acid = 25 ml M/2 solution) a faint white precipitate 
formed shortly after mixing but did not increase during three days. It 
seemed to be elemental sulphur, and there was an extremely objectionable 
odour, possibly due to the formation of a product of the phosphine type.
It should be noted that this odour was entirely absent when a diazonium
compound was present in the system.
In a standard 4 oz. bottle mix, p-toluene diazonium chloride,
to which M/40,000 copper sulphate was added gave no sign of a precipitate
in 25 hours at 25°C followed by 3 days at 20°C.
Similarly, omitting the diazonium salt, but including hypophos­
phorous acid, and m/40,000 copper sulphate, no sign of any polymer 
precipitate was observed after 21 hours at 25°C.
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The Use of Alternative Oxidizing Agents as Accelerators
Some preliminary experiments in which potassium diehromate 
and potassium permanganate were used have heen indicated on p. 15*
The successful use of a cupric salt has already heen described9 hut 
a number of other reagents^ including several described by Kornblum 
have been used. They ares-
Potassium diehromatef potassium permanganate! vanadyl sulphate 
eerie sulphate5 gold chloride5 titanic sulphate; ferric chloride? 
chromic chloride? silver acetate? copper powder? cuprous chloride? 
sodium nitrite.
Details of results are summarised in Tables 2 and 3.
Potassium Diehromate was added as 2.5 ml of D/10 solution to a standard 
mixture (p. 20). There was slow darkening of colour during the experiment 
with slight acceleration of polymerisation compared with typical controls. 
(Table 1/4)- It is comparatively ineffective compared with copper 
sulphate.
Potassium Permangate was added as 2.5 ml of N/10 solution to a standard 
mixture. This became brown and translucent almost instantly making 
estimation of the start of polymerisation difficult. Polymer seemed 
to form more rapidly at the start than with the diehromate experiment 
above? but the final'yield was of the same order. The large concentration 
of chloride ion present in acid solution* however* would itself react 
with permanganates under experimental conditions.
Vanadyl Sulphate is considered as VOSO^(l.W. 163)• 2.5 ml of an M/10
*Hopkin & Williams Ltd.
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solution was used with the standard mixture. The mixture undergoing 
polymerisation became blue-grey, presumably due to reduction of the 
vanadyl ion. Inhibition was reduced to 1.5 minutes, and polymerisation 
was continued for 2 hrs. and for 17*75 hrs. in separate experiments. 
Final yields were 12.2$ and 2 7 respectively. The Vanadyl sulphate 
thus has a very marked effect in reducing the inhibitor period and a 
less strong accelerating effect.
Ceric Sulphate, Ce (SO4) was made into a solution with two equivalents 
of sodium sulphate to form a complex salt. It was added to the standard 
mixture as 10 ml of a solution containing 0.3322 gm of ceric sulphate 
per 100 ml of solution, i.e. W/lOO with respect to the redox reaction 
Ce^. The mixture turned pink fairly rapidly after addition of 
the ceric sulphate to the reaction mixture. A slight flocculent 
precipitate formed almost immediately. There was no further obvious 
change however for five hours. The final yield of 59*0$ in 4-8 hours 
indicated that ceric sulphate is comparatively ineffective as an 
accelerator.
Gold Chloride is available as a 2$ solution. This is assumed to be 
AUCI3, and an M/lO solution should contain 3«035g/l00 ml. 3*8 ml of 
the 2$ solution was used, this being equivalent to an M/4OOO solutio'n.
It vas considered that the strongly acid solutions should retain the 
gold chloride in solution.
The mixture containing gold chloride changed in 2.5 minutes
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from clear yellow to bronze green? and in 15 minutes started to form 
a dark brown colloidal precipitate? presumably metallic gold. In two 
hours this had settled? but a definite white precipitate had also 
formed above this which became quite dense in four hours. This 
polymerisation was allowed to proceed for 4 i hours only? and in 
addition to the normal treatment of the polymer the crucible was 
placed in aqua regia and warmed slightly? followed by washing with 
hydrochloric acid? and distilled water. The off-white precipitate 
after drying indicated a polymerisation of 24.6%? which suggests 
that gold salts would be useful accelerators if optimum conditions 
could be found.
Titanic Sulphate was available as a 15% technical solution. It was 
assumed to be TiOSO^? M.W. = 144? and an approximately M/10 solution 
was prepared? it being necessary to filter the technical solution.
5 ml of 5H sulphuric acid was added before dilution. 2.5 ml of the 
approx. M/10 solution was used as an additive? accurate analysis 
not being' attempted.
The titanic sulphate solution formed a white precipitate 
during the addition to the reaction mixture? which flocculated in 
15-20 minutes. A further precipitate skwly formed in the upper part 
of the bottle? and gradually settled. It was not possible in this 
case to estimate any inhibition time with any degree of accuracy? but 
the overall reaction time was six hours. The percentage polymerisation? 
17*3% in this time indicated that titanic sulphate had an accelerating
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effect. The absence of colour due to reduced titanium (titanous ions) 
is however, rather surprising. !
Ferric Chloride was prepared as an IsT/1 0 solution in 100 ml of water j.
to which a few grams of concentrated HC1 had been added. The solution ;[
was filtered and 2.5 nil used as an additive to a standard mixture. This 
is an M/4000 addition to the standard mixture. |!
It is slightly effective as an additive compared to the 
control series (Table 1/4)° Acidification was required during the J
; i i
aqueous filtration. ;|
Chromic Chloride was added to the standard mixture as 2.5 ml of a—  i
solution of 2.6945 8 "Analar" CrC1y ^HgO (M.W. 266.48) in 100 ml I
of water. j
Silver Acetate obviously presents some difficulty in a system containing |l
I
chlorine ion. 2 ml of M/20 silver acetate solution was added giving a f
silver ion concentration of 0.0001M. It was recognised that an alternative j 
diazonium system such as one containing sulphate might be more satisfactory. 
As expected there was no very obvious acceleration of the reaction due to 
the immediate precipitation of silver chloride. Before the effect of 
the silver (Ag+) ion could be assessed, the silver would have to be 
used in a system where there was no insolubilisation of the ion, or 
alternatively, in some complex form.
All the above results appear in tabular form in Table 2.
Copper powder, in mixes in which hypophosphorou acid was absent, seemed 
to have some direct catalytic effect on polymerisation (See Table 3,
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Expts 1 and 2). Weights of copper used were approximately 3M/1000 
and 2M/1000, and it was evident that the copper was being attacked 
to some extent, as the formation of a flaky precipitate in small 
quantity, which did not resemble polyacrylonitrile was observed. There 
was also some turbidity of the mixtures. Experiments were not 
continued since no stirring was used, and as the copper powder 
remained on the base of the bottles, it obviously could not give 
reasonable conditions of reaction.
Cuprous Chloride was made into an l/lO solution (based on formula 
being taken as CuCl). In order to maintain .5006 gms of cuprous 
chloride in 50 ml of solution, it was necessary to add 10 ml of 
concentrated HC1 and 6 gms of sodium chloride. In the first 
experiment (Table 3/Expt 3), 1 ml of this solution produced an instan­
taneous precipitate on addition to the mixture. This was 
evidently due to the cuprous salt complex being hydrolysed. In a 
later experiment, (Table 3 Expt 4)? 2 g of sodium chloride were 
added to the mixture after the acrylonitrile, but before the cuprous 
chloride solution was added. In this experiment the concentration 
of cuprous chloride was increased 10-fold, and in both these experiments, 
the hypophosphorous acid was omitted. In a further experiment 
(Table 3 Expt 5) the hypophosphorous acid was included. There was 
slight turbidity only on addition of the cuprous chloride solution 
in experiments 4 and 5»
Expt 3 produced no obvious precipitate of polyacrylonitrile.
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An obvious precipitate formed in expts 4 and 5 after about 1-J hours. 
Polymerisation was continued for approximately 20 hours from time of 
addition to the thermostat. Sodium chloride was added to the mixture 
before filtration, but it was obvious that the final polymers contained 
some copper. Polymer formed was of the order of 9$ in the absence of 
hypophosphorous acid, and 6% in its presence, the inverse nature of the 
results being surprising. In view of the poor results, however, 
experiments with cuprous salts were discontinued. *
Sodium Nitrite is considered under the headings- ’’Completeness of 
Diazotisation”.
Summary.
The effects of accelerators can therefore be summariseds- 
Very Effectives Copper Sulphate.
Moderate Effect. Gold Chloride\ titanic sulphatef vanadyl
sulphate.
Slight Effects Potassium diehromate°5 potassium permanganatef ferric 
chloride 5 chromic chloride.
Ineffective. Cuprous Chloride $ copper5 cerium sulphate, silver 
acetate.
* (p.47).
THE USE OF BISULPHITE AS AH ACCELERATOR
40.
Following on the observations (p.27-29) that sodium bisulphite 
acted as an accelerator in the diazonium salt initiated polymerisation 
of acrylonitrile, further experiments at 25°C were arranged to put 
this observation on a more quantitative basis. Freshly prepared 
solutions of sodium metabisulphite, approximately M/lO, were used, 
which were titrated against permanganate or by an iodine/thiosulphate 
method. The quantities used are shown in Table 4/l» the results 
in Tables 4/2a and 4/2b, also in Figures l/l, l/2a, l/2b. The 
results shown in Table 4/2b were performed at a much later date than 
those shown in Table 4/2a. It will be noted that the results in Table 
4/2b indicate a lower yield of polymer than the earlier work.
It is not possible,with any certainty, to account for the 
difference but there are some indications that this system is more 
sensitive to minor impurities, e.g. atmospheric oxygen or traces of 
impurities in the initial amine,- than is the case with the diazonium 
salt - hypophosphorous acid systems.
In this connection, it may be noted that another series equiva­
lent to C in Table 4/1 gave yields somewhat lower than those shown 
for C2 in Table 4/2b. For this series whose results are not 
reproduced, the diazonium salt was prepared from an A.R. p-Toluidine 
which had been in stock for some considerable time. The filtered 
solution of this amine was somewhat yellower than that prepared from 
a new A.R. product.
Colour Changes during reaction.
A yellow colour developed in all cases soon after mixing, 
the intensity varying according to the amount of metabisulphite added.
This itensified to a salmon pink or red during the reaction, but the 
colour changed to pale cream during the boiling stage.
About 5-7 nil of N-Ba^CO^ was required for neutralisation of 
the liquor before filtering. Addition of sodium carbonate caused a 
deepening of this colour, filtrates being yellow, and isopropanol 
filtrates pale straw. Pinal dried polymers were off-white to cream 
in colour.
It will be observed from the results that whilst the higher 
quantities of bisulphite caused an initially faster reaction, the 
rate fell off rapidly.
The pattern of the two series shown in Table 4/2a and 4/2b 
is the same, although the values are different. The second series of 
experiments (B2, 02, 12, E2 - See Table 4/2b and Figure lb) seems 
to show an initially fairly fast reaction, which slowed down later 
followed by a further appreciable acceleration. These results are 
most clearly shown when the polymerisation times up to 6 hours only 
are plotted graphically.
Experiment B which contained 0.000175 sodium metabisulphite
contained the optimum quantity except for initial polymerisation.
The diazonium salt in Experiment B was present at 0.001M, and if sodium
metabisulphite is considered on an oxidation equivalent (Na^SgO^-tlTagSgO^),
this latter is 0.0007M. This suggests that on a redox basis, the 
equivalent
optimum/ratio is about 10? 7 of fh® fw° components.
It is worth noting the results in Table 4/3 in which bisulphite 
and hypophosphite are used together. The ratios of bisulphite to 
diazonium salt were the same as in Expts. A and B above* These may 
be compared with the experiments indicated in Table l/6, where bisulphite 
was present at much lower concentrations. Although, due to other 
variations, such as the presence of copper sulphate and altered 
concentrations of diazonium salts an exact comparison is not possible, 
it seems that, whereas at very low concentrations of bisulphite, the 
effect of hypophosphorous acid is augmented by the presence of 
bisulphite, in higher concentrations bisulphite causes inhibition.
The very low yields recorded in Table 4/3 seemed to be elemental 
sulphur only.
Some possible intermediate compounds.
Sulphites in neutral or slightly alkaline solution form 
diazo-sulphonates, usually represented as ArlT^SO^M (M = a monovalent 
metal). They are hardly likely to be formed under the operative 
conditions in these experiments. Reduction products of diazonium 
salts, using sulphites as reducing agents are discussed by K.H. Saunders. 
(The Aromatic Diazo-Compounds, Edward Arnold & Co., 2nd Ed., 1949? P*l$3 
et seq,). Arylhydrazines of general formula ArNH.NHg are normally formed.
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As a test, Series G. (Table 4/5) was performed in which 
quantities of p-tolylhydrazine hydrochloride were added in proportions 
equal to 10$, 1$ and 0.1$ by molar ratio of diazonium salt present.
There is also a blank with the highest level in which bisulphite is 
absent. Polymerisation time was kept constant at 4i hours from the 
time at which the first precipitate was observed. Colouration of 
Nos.1-3 was characteristic of the corresponding simple sulphite series, 
but No.4 remained white throughout. It was noted qualitatively that 
precipitates in 1*, 2, and 3 were of the same order, whilst No.4 
became dense more rapidly, It would thus seem that p-tolylhydrazine 
hydrochloride is an accelerator in its own right.
It is extremely unlikely therefore, that it is an intermediate 
product which tends to cause inhibition.
Use of Thiourea Dioxide
Thiourea Dioxide exists in equilibrium with Formamidine 
Sulfinic Acid.
f2
* p _ S - 0
| ^**0H
HH
w h,I 2
c = so -  
t 2 v
NH„
Refers to early experiment. See Footnote to Table 4/5*
The thiourea dioxide is the normal form, and is stable under 
acid conditions. It was available from Hardman and Holden Ltd., as a 
white crystalline powder of 97% purity and was used as such in aqueous 
solution. An early experiment, on a 4 oz bottle scale at 35°C, with 
conditions similar to expt, 46B, (Table l/6), but using M/2000 
thiourea dioxide as the reducing part of the system, showed that this 
had some activity, rather below that of sodium metabisulphite on a 
molar basis. (71.7% polymerisation in 20 hrs. 40 mins.).
A repeat under standard conditions showed that 1.4 ml of 
0.1M thiourea dioxide had no redox activity, even after 24 hours, but 
14 ml 0.1M was quite an effective activator in a redox system 
(Table 4/4).
THE USE OF STABILISED EIAZOHIUM SALTS
A number of diazonium salts can be stabilised by various 
methods. Certain diazonium ions are stable as the chlorides or 
sulphates, others as salts of arylsulphonic acids, whilst a further 
number can be stabilised as zinc chloride double salts.
For experimental purposes a number of technical materials 
were obtained from manufacturers, and used as such without further 
purifications. Those selected were s-
Al. Brentamine Fast Red TR Salt = The diazo of 5 chloro-o-toluidine
stabilised with naphthalene Is5 disulphonic acid. M.W. Amine
141.6. This material is standardised with inorganic salt 
diluent to give a concentration equivalent to 20% of amine.
From I.C.I. Ltd. (Dyestuffs Division).
A2, Fast Red Scarlet G Salt = The diazo of p-nitro o-toluidine
stabilised with naphthalene Is 5 disulphonic acid. Effective
equivalent weight, based on diazo group is 665.0, (From
Clayton Aniline Co. Ltd.).
A3. Fast Blue VB Salt. (83%). Diazonium chloride of 4-amino
4-methoxy diphenylamine. (Actual M.W. 370.5)* (Clayton).
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Bl. Fast Red B Salt = Diazo of p-nitro o-anisidine stablised as zinc
chloride double salt. Effective equivalent weight 503* (Clayton).
B2. Brentamine Fast Scarlet R salt = diazo of p-nitro o-anisidine
stabilised as zino chloride double salt. Effective concentration 
20$ based on amine content. M.W. Amine = 166*1.(i.C.I.).
These experiments were a very early set carried out before 
standard conditions were fixed. No nitrogen gas displacement was 
used in this series. Solutions of the stabilised diazonium salts were 
prepared directly. The quantities used were M/lOO with respect to 
equivalent weights, except A1 where 0.9 x M/lOO was used. In all cases 
8 oz. screw cap bottles were used for polymerisation at 25°C. The 
precipitates in this series were filtered directly through a Buchner 
funnel with Whatman No.531 paper (4.5 cm diameter).
A control experiment was simultaneously performed with M/lOO 
p-toluidine, suitably diazotised as previously indicated. The 
diazonium salts were dissolved in 155 ml of iced water followed by 
12.4 ml (10.6 gm) acrylohitrile monomer, and 3.3 gm. of hypophosphorous 
acid. Actual weights of stabilised diazonium salts, based on effective 
equivalent weights, and concentrations indicated above were s-
A1 6.3 gm.
A2 6.65 gm.
A3 3.70 gm.
Bl 5.03 gm.
B2 8.35 gm.,
A general difficulty with this series was that the acrylonitrile 
monomer was not properly dissolved, and some undissolved material
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polymerised independently on the surface to give a brownish polymer.
This series was not repeated again under the more standard conditions 
later used (See E1 et seq»), when a direct technique for preparing 
diazonium compounds in situ was available, but this series is being 
reported in its most logical position. This particular series con­
tained a very high proportion of the redox system, the quantity being 
%  molar based on diazonium salt compared with 1$ or 2$> as illustrated 
in Table 1/8.
Polymerisation took place except with the diazonium chloride 
of 4-amino-4 methoxy diphenylamine. The diazonium salt of 5-ckloro-o- 
toluidine, which gave the slowest reaction, gave the polymer with the 
best colour, and this phenomenon would seem to be general. Precipitates 
which were coloured remained so in spite of repeated washing with 
isopropanol. The effect of inorganic salts included as filler or 
stabiliser is presumed to be negligible.
Some details of the observed nature of the reaction are 
indicated in Table 5«
The aqueous filtrates, after separating polymer were retained, 
no special precautions being taken to exclude air. Precipitates of 
polymer continued to form in these filtrates for at least 6 days after 
filtration. The reaction mixture based on A1, which gave the 
smallest initial polymer yield, produced the le.rgcst .dditional- yield on 
standing. The mixture derived from A2 produced a smaller polymer 
yield which reached its maximum rather earlier. The mixtures from 
B1 and B2 formed slight additional precipitates, as did the control
mixture derived from p-toluene diazonium chloride.
Since colour is probably due to side reactions such as phenol 
formation and consequent coupling, it would seem that the most 
stable diazonium salt gives the slowest rate of reaction initially, 
but the best colour, and that in addition the reaction proceeds 
for a longer time.
No further experiments were performed in this series, but 
they are of interest when compared with the systematic comparison 
of the effects of the diazonium salts from different amines which 
is described later.
In particular the experiment A1 based on 5-chloro-o-toluidine 
clearly shows the retarding effect of the methyl group ortho-to 
the diazonium group, as shown later (p.54) in experiments with 
derivatives of o-toluidine. In this case (Al) the effect is modi­
fied by the chlorine substituent, which promotes the reaction.
The A2 experiment may be compared with that reported later in 
the systematic series (Table 8/8 and 9/8) in which a diazonium 
salt was prepared in situ from p-nitro-o-toluidine.
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THE SYSTEMATIC EXAMINATION OF A SERIES OF DIAZONIUM SALTS 
Introduction
In order to make a more thorough quantitative study of the 
reaction between diazonium salts and hypophosphorous acid as an 
initiator of polymerisation, diazonium salts were prepared from a 
series of amines. Those selected were p-toluidine, o-toluidine, m- 
toluidine, aniline, p-chloraniline, o-nitraniline, p-nitraniline, m- 
nitraniline, p-nitro o-toluidine. General experimental details are 
given on page 24 et. seq.
In each case a standard procedure of polymerisation was used 
based on the quantities of p.24. In certain of the above cases it was 
found, as discussed later, that the amines proved very difficult to 
diazotise without a considerable excess of acid being present. In 
these cases slight modifications were necessary, as indicated, and some 
experiments with a partially neutralised mixture were also made. The 
final proportions of reactants for each section are indicated in the 
section marked ’’Experimental", but problems in connection with 
diazotisation experiments are indicated here. Except for one experi­
ment with p-nitraniline all diazonium salts were formed in situ. 
Completeness of Diazotisation
At this stage it will be convenient to report certain experi­
ments on the completeness of diazotisation. It has already been
very slight
indicated (Table l/6) that aj excess of sodium nitrite had no obvious 
effect oil polymerisation. In this and all subse­
quent series, sodium nitrite having a specification of
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not less than 98% was used. It was stored in a dessicator, and
was treated as if the molecular weight was 70 and not 69 in making up 
the standard Ia/5 solution.
There were two series of experiments, using p-chloraniline 
and p~toluidine as the amines. In each case the formulation was as 
indicated in Table 6. Diazotisation commenced with ice-cold reactants, 
the sodium nitrite solution being run into the amine slowly with 
stirring, temperature being kept below 11°C. With each series, 4»6,
4.8, 5*0 and 5»2 ml of sodium nitrite (m/5) was used for diazotisation, 
the theoretical being 5*0 ml of M/5 sodium nitrite. Thus a 0.2 ml 
excess of sodium nitrite is equivalent to an addition of .000025M.
In the case of diazotised p-chloraniline, 4.6 and 4.8 ml of 
sodium nitrite solution respectively gave no colouration with starch/ 
iodide paper about 3 minutes after mixing at 4°0. The mixture con­
taining 5*0 ml of sodium nitrite solution gave a weak reaction with 
starch/iodide paper after ten minutes. The mixture with 5»2 nil of 
sodium nitrite gave a fairly strong reaction after the same time.
In the case of diazotised p-toluidine, the use of 4*6 ml of 
sodium nitrite gave a very weak positive reaction with starch/iodide 
paper 5 minutes after mixing at 9-^°C. The mixture with 4*8 ml gave 
a weak positive reaction, whilst those with 5*0 and 5«2 ml gave marked 
and strong starch-iodide reactions respectively.
The results of Table 6 indicate that excess of amine has little 
effect on the polymerisation, up to the point where about 8% equivalent 
of the original amine remains un-diazotised.
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There may he very slight retardation xvith an excess of amine as 
indicated in Expt. 1 of the p-toluidine series, hut it is not serious. 
A slight excess of nitrite, however causes an increase in inhibition 
time, and a retardation in the rate of polymerisation.
It will be observed from Table 6 that the runs based on 
diazotised p-toluidine included copper sulphate at a low level. This 
was to ensure that the starting inhibition times would not be 
inconveniently long, and that a reasonable time of polymerisation 
could be taken. Nevertheless in experiment 8, in which 5*2 ml of 
sodium nitrite was used, the inhibition time was inordinately long, 
necessitating an overnight polymerisation run.
If comparing Expt. L3 in Table 1/8, in which the mixture was 
identical, apart from sodium nitrite content, with those in Table 
6, Expts. 4-8, it may be concluded in view of the long inhibition 
time in L3, that there was some unreacted nitrite present.
In all subsequent experiments care was taken to ensure 
that the diazotisation mixture did not contain an excess of sodium 
nitrite.
Results in Table 6, however, show that the effect of an 
excess of nitrite is more serious on the inhibition time than on 
the rate of polymerisation.
Diazotisation Problems
**)• P-Toluidine ("Judex” Analytical Reagent Grade)
The diazotisation of p-toluidine is described in the above 
section, and on p. 21 et seq. of this thesis. In early experiments
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there may he some doubt as to completeness of diazotisation, resulting 
in a slight excess of unchanged amine and nitrite in some cases. This 
may have caused slight variation in inhibition periods as described 
above, but is unlikely to have had any serious effects on polymerisa­
tion.
In subsequent experiments in this series 4.7 .ml. of the nitrite 
solution was added by pipette to the amine hydrochloride, both of 
these having been cooled to 0°Co Thence up to 0.35 nil. of nitrite 
solution was added until a blue colour just persisted with starch/ 
iodide paper, and did not quite disappear if left for about one minute. 
The mixture was kept on ice, but final temperatures usually rose to 
about 10/ll°C. Mixtures were prepared in.situ in the 2 oz. bottles.
2a) & 2b) o- and m-toluidine (Hickson & Welch Ltd.)
Reagents used were technical grades which were fractionally dis­
tilled immediately before use.
The diazonium salts derived from o-toluidine were almost 
ineffective in promoting polymerisation in the diazo-/hypophosphorous 
acid system, even in the presence of copper sulphate. Results are 
illustrated in Table 7. Because the completeness of diazotisation was 
in doubt in early experiments, repeats were made using procedures 
recommended for amines which are diazotised with difficulty, i.e. at 
about 10 times the concentration adopted as standard with p-toluidine. 
These preparations also were singularly ineffective in promoting poly­
merisation.
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. The diazonium compound from m-toluidine diazonium chloride was 
prepared by the standard method, and later at about 10 times the standard 
concentration. There is some doubt about completeness of diazotisation 
(see p.54)9 although polymerisation of the acrylonitrile occurred after 
varying inhibition periods,
3) Aniline. ("Analar" reagent grade, distilled before use.)
Procedure for p-toluidine was followed, in the recorded experiments, 
4.9 ml of M/5 sodium nitrite being used. Diazotisation, until dis­
appearance of blue colour with starch iodide paper took about 10 minutes 
at +5°C.
4) p-Chloraniline (Hickson and Welch Technical Grade, Purified*)
Diazotisation is easy with this amine. Addition of 5 ml M/5 
sodium nitrite solution to the amine hydrochloride at 5°C gave a faint 
positive colour to starch-iodide paper, which was accepted as an end 
point to the diazotisation process. Distilled water was not added unt^l 
temperature of diazotised mixture reached 10°C.
5) p-Nitraniline (Hopkin and Williams Ltd., Purified Grade)
' This is one of the more difficult amine^to diazotise (K.H. Saunderss 
The Aromatic Diazo-Compounds. Edward Arnold 2nd Ed., 1949 P» 6)« The 
following method was used s- To p-nitraniline (0,14gm =0.1 mol) was 
added 0.35 cone HC1. This dissolved to a paste at 50°C and 
1 ml H^O + 1 ml conc. HC1 was added to completely dissolve the amine as 
hydrochloride. On cooling some needle crystals appeared, but adding
O.9 ml of M sodium nitrite at 10°C caused these crystals to disappear.
0,1 ml molar sodium nitrite was added, and this gave a marked positive 
reaction with starch/iodide paper. It was left overnight
* Recrystallised ifrom mixture of 5 parts water, 4 parts isopropanol.
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at -20°F after which, reaction to starch/iodide paper was virtually 
nil. One drop of Li/10 urea solution was added. This removed the 
last trace of nitrite and this diazotised solution was used in one 
experimental solution.
Further efforts to diazotise p-nitraniline as above but 
operating on 5 times the scale proved unsuccessful. These 
diazotised mixtures on storing at -20°F overnight always produced 
yellow precipitates, presumably by coupling with phenol\caused by 
decomposition, and even on filtering, the precipitate reformed. This 
method was therefore abandoned in favour of the following in which 
the diazonium salt was formed in dilute solution in the presence of 
strong acid.
1.38 Gm. of p-nitraniline was dissolved in 25 ml 1\T HC1 and warmed, 
to dissolve. As it preciioitated on cooling, 10 ml Cone (jOH) HC1 was 
added. This caused amine to dissolve, and it did not reprecipitate on 
cooling. It could be made up to 50 ml. in measuring flask, and the 
bright yellow solution did not deposit amine on cooling. To diazotise,
5 ml of M/5 sodium nitrite solution was cooled to 0°C in a 2 oz. bottle, 
and 5 ml of the ice-cold amine solution added from a burette, the bottle 
being kept in an ice/salt mixture, which lowered its temperature to 
-5°C. Diazotisation, as indicated by disappearance of colour from 
starch iodide paper, took 10-15 minutes.
6) m-Hitraniline (Hopkin & Williams Ltd., Purified Grade).
The normal procedure as with p-toluidine was adopted with 
m-nitraniline, as the amine dissolved readily in 2-g- equivalents of
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N-HC1. In this case however, there was always a slight turbidity formed 
when about half of the nitrite solution was added. This dispersed partially 
on complete diazotisation, but always left a slight turbidity which made 
the observation of the first polymer precipitate slightly uncertain.
Reversing the procedure of diazotisation still gave a somewhat turbid 
solution. The fact that the turbidity is white makes a coupling action 
unlikely as the cause of it although no experiments with stronger acid 
were made. Diazotisation was otherwise quite simple.
7) o-Ritraniline (Hopkin and Williams Ltd., Purified Grade)
In order to obtain an amine solution, it was necessary to dissolve 
2.762 gms of amine (M/50) in 20 ml cone HC1 + 30 ml distilled water, followed 
by a further 10 ml conc. HC1 to prevent crystallisation during cooling.
The solution was rinsed into a measuring flask with 20 ml of 50% conc (5H)
HC1, and made up to 100 ml with distilled water added carefully. The amine 
solution was measured from a burette, but all apparatus had to be thoroughly 
dry in order to prevent crystallisation of the amine.
Diazotisation was however extremely rapid at 10°C, the addition 
of nitrite being virtually a titration. A few drops of amine solution were 
subsequently added to remove last traces of nitrite.
8. p-nitro o-toluidine (Hopkin and Williams Ltd., Purified Grade)
This amine v/as the most difficult of all to dissolve. 1.5215 (m/T00) 
of the amine was dissolved in 50 nil of 5H HC1, and to avoid precipitation 
during cooling, a further 25 ml of 5H HC1 was added - the amine hydrochloride 
was made up to 100 ml in a measuring flask with 5H HC1. Apparatus was 
completely dried before use, and reaction bottles wetted v/ith 5H. HC1.
Diazotisation was a little slow, but was otherwise normal.-
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Polymerisation Systems Utilising o- and m-toluidine
The earliest series (see Table 7) in which the standard diazonium 
salt/hypophosphorous system was used indicated that o-toluene diazonium 
chloride with hypophosphorous* acid failed to initiate polymerisation after 
72 hours at 25°C the corresponding m- compound produced a few flecks of 
precipitate after 40 hours, which did not appreciably increase in another 
26 hours.
A repeat, following L1 (Table 1/8), including 0.00025 mols. of 
copper sulphate indicated an inhibition period of 58 minutes in the mixture 
derived from m-toluidine. Polymerisation was carried on for 16J- hours, an 
obvious increase in the density of t' e precipitate being noticed in the first 
1-g- hours, the mixture being then left overnight. A salmon pink colour in 
the mixtures at the start was noticed, which was discharged on final neutrali­
sation, and also 20 ml of H~ sodium carbonate was required to neutralise to 
pH 9.1, (about 8 ml more than usual). The average yield, 35/1 indicates that 
the system is effective, but less so than the corresponding one with p-toluidine 
(see L1 Table 1/8 and Table 8/I5 Expt. R. 1 and R.1A). (Table 7/2 Expts.2A & B) 
In order to test whether the system derived from o-toluidine was
O 1effective at all, the temperature of the thermostat was raised to 35 C, 194 
hours after addition, the temperature rise taking 1 hour 20 minutes. Of the 
two mixtures one started to form a precipitate 25 minutes later, the other 
one hour 35 minutes later. Both slowly increased over a further 18 hours 
although precipitate formation was not particularly heavy. Ho quantitative 
tests were performed. (Table 7/2 Expts. 2A & B)
Repetition using fresh amine solutions at 25°C indicated an
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inhibition period of one hour 20 minutes with the m-derivative and 
about 13 hours 10 minutes with the o-derivative. (Expt 3$ Table 7/l 
and 7/2).
The polymer mixture from the m-derivative required 14 ml. of M- 
sodium carbonate to bring to pH 7.2, whilst the o-derivative mixture 
required 17 ml. for a corresponding pH, and mixture had a characteris­
tic "nitrous fumes" odour. Polymerisation is indicated in Table 7? 
and the yield of 12.5% indicates that this initiator system is operable 
starting from o-toluidine, but that it is relatively inefficient.
Owing to the doubt as to completeness of diazonisation, more con­
centrated solutions of amine were diazotised to completion as indicated 
on p.50 and results are indicated in Table 7/1 a^d 7/2 (Expt 4)* Tn 
these cases the copper sulphate was one tenth that of the previous 
series. Ho polymerisation was observed in the system from o-toluidine 
after 3 days. The one from m-toluidine, after an inhibition of 2 
hours, 40 mins. gave a yield of 12.4% after 16 hours, i.e. of the 
expected order compared to the previous experiment (Table 7/2 Expt 3).
Quantitative Data in the Systematic Series
The amines, the diazonium salts of which are considered in the 
systematic series are p-toluidine, aniline, p-chloraniline, o-nitraniline 
p-nitraniline, m-nitraniline and p-nitro o-toluidine. o-toluidine and 
m-toluidine have been considered separately because of the poor 
reactivity of their diazonium salts under any conditions.
The standard mixture for the polymerisation is indicated on p.24. 
Nitrogen purging was not used in any case, p-toluidine was used as a 
comparison standard and results obtained are a more systematic extenticn of
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those in Table l/8. Problems connected with diazotisation are con­
sidered on Po49 et. seq.
Copper sulphate was the only variable in the systematic series.
The molar quantities used were M/4000, l/l0,000, M/40,000 and M/lOOpOO 
although because of the vastly differing rates of reaction, not all of 
these quantities were used in every series.
It will be observed that these quantities are 1/4* l/lO, l/40,
and l/lOO respectively of the molar quantity of diazonium salt present, 
based on original amine, the hypophosphorous acid being 5 times the 
molarity of the diazonium salt.
In general a series of four bottles containing one system was 
commenced simultaneously, and the bottles removed and treated by the
methods shown on page 25. Times in most cases varied between 1 and 5
hours from the onset of polymerisation, although in the case of the 
fastest polymerisations, e.g. some of the experiments with p-nitro- 
benzene diazonium chloride, some experiments were removed after shorter 
times, and a few experiments with much longer polymerisation times 
are also indicated. Quantitative results are shown in Tables 8/l-8 
inclusive, and illustrated in Figure 2/l - 8 inclusive, and their 
significance is discussed later. There is a reasonable repeatability 
in these experiments, and as such they may be contrasted with those 
Kornblum et al., although no precautions were taken here to exclude 
atmospheric oxygen other than to adopt a standard procedure, and to 
operate in sealed bottles.
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Some comments on the individual polymerisations are now given.
1) P-d?oluene Diazonium Chloride (Table 8/l, 8/2, 9/l> 9/2)
The experiments in this series are virtually a repetition of some 
of those shown in Table 1/4 and Table l/8 with varying times. In the 
experiments shown in Table 8/2 the concentration of diazonium salt and 
hypophosphorous acid was reduced to half of that shown on page £4 , a^d 
quantity of distilled water increased accordingly so that the total 
quantity of mixture remained the same.
In general little colour was produced in these experiments, either 
in the liquid or in the final polymer, the colour of which was either 
white or buff. Experimental details are indicated in the Tables.
The general level of repeatability can be illustrated by (i) R3 
and R3a (Figure 2/l & 2), where the curves superimpose except for the 
longest time, and (ii) R1 and R1A, which are but a little way apart, 
which does not detract seriously from the quantitative nature of the 
experiments.
2) Benzene Diazonium Chloride (Tables 8/3, 9/3)
Polymerisation rates were generally slightly faster than in the p- 
toluene diazonium chloride series above, and the inhibition times were 
somewhat shorter. Rote that two separate series AR1 and AR2 (Fig. 2/3) 
are'virtually superimposable, although in the latter case, owing to 
variations of thermostat starting temperature, there was a longer 
inhibition period. Polymer precipitates were white in all cases.
3) p-Chlorbenzene diazonium chloride (Tables 8/4, 9/4)
This proved to be one of the fastest series. In some cases the 
polymers were cream or sandy in colour. Inhibition periods were short.
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4) o-Ritrobenzene Diazonium Chloride (Tables 8/6, 9/6)
In this series polymerisation was slow. All runs except one con­
tained excess acid due to diazotisation difficulties, and although in 
the absence of copper sulphate polymerisation starts more rapidly, the 
rate rapidly falls off. Excess copper sulphate produces an initial 
increase in rate, but leads to poorer results with increasing time. 
(Figure 2/6). Inhibition periods are actually very short (Table 9)? 
and the very short inhibition periods of 0RA1, which has been partially 
neutralised to bring the net acidity to previous standard levels is to 
be observed. Reasons for the behaviour of this series are considered 
later on, page 105
The general colour of the polymers in this series, even after 
repeated washing was yellow/brown. Aqueous washings were brown, and 
isopropanol washings yellow/orange, all soluble matter being washed 
out rapidly with this solvent. There seemed generally a certain amount 
of pressure, noticed when they were opened, developed inside the bottles, 
with a suggestion of the odour of nitrobenzene in some cases, On adding 
sodium carbonate to neutralise before washing the precipitates, there 
was generally an intensification of the colour which was present during 
the polymerisations.
5) p-Ritrobenzene Diazonium Chloride (Tables 8/7, 9/7)
This series gave some of the fastest polymerisations, the only 
minor anomaly being in the partially neutralised run FRA2 as compared 
with the acid FRA2a (See figure 2/7). Inhibition periods are very 
short. The final polymers are all coloured to some extent.
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Further ltBlanktt Experiments.
It has already been shown (p.33) that under the conditions 
of the experiments p-toluene diazonium chloride alone does not initiate 
polymerisation of acrylonitrile.
The experiments performed in the systematic series, (p«47 et seq.) 
indicate that p-toluene diazonium chloride is amongst the least active 
of the diazonium salts in initiating polymerisation in the diazonium 
salt/hypophosphorous acid redox system. It was considered desirable 
therefore to perform some attempted polymerisations in the absence of 
hypophosphorous acid, using the mixture as indicated on p 24 \ but 
replacing the hypophosphorous acid by distilled water.
The diazonium salts from p-chloraniline and p-nitraniline 
were selected, since they are the most effective in initiating 
polymerisation in the redox system.
p-chlor diazonium chloride gave no trace of polymer after 
24 hours under standard conditions.
p-nitro diazonium chloride gave the first signs of a precipitate 
on the sides of the bottle, after 92 minutes in the thermostat, compared 
with from 5 to 12 minutes in the presence of hypophosphorous acid.
(Table 9/7)* After polymerisation for 2 hrs 5 minutes, yield of 
polymer was 5*9$ compared with 24*7$ in presence of hypophosphorous 
acid. In this case the precipitate seemed to form from the sides of 
the bottle and was difficult to remove, suggesting that the glass wall 
might have had some catalytic effect, either due to its alkalinity, or 
the fact that it had been used previously for polymerisations, although 
cleaned thoroughly.
These results should be compared with those obtained by 
Ronhebel and Waters. (Proc. Roy. Soc. A., 1957? 242, Table 2, p.2l). 
These workers used diazonium fluoroborates, and reported on inhibition 
times only, which under their conditions were 40 minutes in distilled 
water in the case of p-nitrobenzene diazonium chloride, and 3 minutes 
in 0.4R HC1. Their inhibition times were 210 minutes where the 
diazonium salt was derived from p-chloraniline in destilled water, 
and they reported no signs of polymerisation in 24 hours in0.4R HC1.
It may thus be concluded that whilst an active diazonium 
salt such as p-nitrodiazonium chloride is capable of initiating 
polymerisation of acrylonitrile, even in acid solution (see p.52), 
there is no doubt that the presence of hypophosphorous acid has a 
profound effect on the mechanism of the reaction.
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Wm. ANALYTICAL DATA 
Chemical Nature of the Polymers
No absolute proof of the nature of the polymers was undertaken*
Owing to the nature of the reaction, the product formed could only have 
been substantially a derivative of acrylonitrile* It had the character­
istic properties of the polymer - friability and difficulty of softening 
other than sintering at high temperature. The only common solvent for 
these precipitates was dimethylformamide in which a viscosity increase on 
solution was noted, as described in a later paragraph. A simple qualitative 
fusion test indicated'a large quantity of nitrogen was present. It was 
therefore accepted that all the precipitates formed were substantially 
polymers of acrylonitrile. !
Reaction between Hypophosphorous Acid and Copper Sulphate * !
I
A "Blank" mixture was made, simulating the experimental conditions, j 
but in which only copper sulphate (m/4000) in the highest concentration used 
experimentally, with 10 ml of M/2 hypophosphorous acid, (0.33 g) was added 
to a total of 61 ml of solution in distilled water. A direct test was made 
of absorption on the "EEL" photoelectric absorptiometer. At temperatures 
of 18 - 22°C., over 24 hours the absorption reading with a 609 filter (Most I I I  
efficient for a blue solution,with main absorption at 'JOOOA0 ) was 12.8 m 
remaining virtually unchanged throughout this period.
When 1.5 ml of E~ HC1 was added to a corresponding mixture, an ; 
MEEL" reading commenced at 11.5* a^d remained at this figure +0.3 for not | 
less than 6 hours. Temperatures over this period varied from 23*4°C to 
29.5°c.
It was concluded therefore that copper sulphate and hypophosphorous I!' 
acid do not react to any appreciable extent under the experimental conditions ; 
used.
Viscosity Measurements of Various Polyacrylonitrile Samples (Tables 10/l,10/2) |j
The molecular weight of polyacrylonitrile samples was measured |l
:t i
m  a relative sense only by a comparison of the relative viscosity of the ij 
various samples in distilled dimethylformamide solution. A concentration - |
of 0.4/> was selected, as this concentration is used for a number of other j| 
polymers in calculating the Pikentscher constant expressed by the empirical l|; 
* See however, A. Angeli & A. Cavazzi, p.I4A. ||
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equations-
log^rel = 75K2
--------------------------    + k .
c 1 + 1.5K.0
(K * Integer x 10” $^ c = concentration in g/100 ml of solution?
^^tel = relative viscosity.)
For above see "Natural & Synthetic High Polymers^ K. H. Meyer,
Interscience Publishers? 1942? p. 25).
dimethylformamide was of reagent grade from Hopkins & Williams? 
and was fractionated? first and last runnings being rejected? the fractions 
between 152*and.153.5°being retained). The distilled material was stored 
as far as possible to avoid contact, with atmospheric moisture. All 
solutions? which were made up at ambient temperature? were filtered through 
a Whatman 530 filter paper before measurements were taken although in all 
cases there was either no precipitate or only the slightest trace. In 
practice 0.2 g of polymer were weighed into a 50 nil measuring flask.
The colour of the solutions varied from pale yellow to dark brown? 
the acrylonitrile polymers prepared with initiators containing nitro 
groups being the darkest.
Viscosity was measured at 25°C j* 0.02°C with a standard Ostmald 
No. 1 Viscometer? which gave a blank reading of the order of 300 seconds. 
Certain viscosities were also measured on a No. 2 Viscometer? which gave 
a blank reading which pure dimethylformamide of about 20 seconds? but these 
values are not considered of sufficient accuracy. There was a rather 
disturbing amount of non-repeatability about certain of the readings some 
of which are indicated in the tables. These may have been due to mechani­
cal causes in some cases? e.g. lack of homogenity of blended samples.
There was a slight tendency in some cases for viscosities to 
increase after solutions had been standing 3-5 days? by about 1$. If one 
case 0NA4 (From o-nitraniline)? viscosity measurements seemed quite 
erratic even on consecutive measurements in the same solution in the 
viscometer. This may have been due to some form of thixotropic effect? 
even in very dilute solution. The presence of copper in some of the poly­
mer samples may be the cause of this.
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Table 10/2 represents the results of a number of samples, based 
on diazotised p-toluidine, in which times of polymerisation were 
approximately constant, but which varied in copper content.
Conclusions
1. The effect of any substituent on the benzene ring in the 
original amine is to depress the molecular weight as compared with 
polymer derived from aniline.
2. Increasing initiator depresses molecular weight, (cf, EIA & Si).
3* In the case of benzene diazonium chloride and probably with p- 
toluene diazonium chloride, the polymer formed later in the reaction 
is of lower molecular weight than that formed at the start. No con­
clusions can be drawn from results with other amines.
4. The effects of p-chloro, p-nitro, and m-nitro substitutents are 
approximately the same. The o-nitro group causes a more profound 
drop in molecular weight. That of p-nitro combined with o-toluene is 
doubtful.
5. In the "Copper anomaly" series, e.g. those based on o-nitrobenzene
and p-nitro -o-toluene diazonium chlorides, the runs giving the highest
yields give the highest molecular weights (No.2 viscometer).
*
6. No general conclusions can be drawn as to the effect of copper 
on the molecular weight of the polymer.
7. The unexplained viscosity irregularities in measurement may be 
due to secondary effects of polymer end groups or the presence of 
copper (see later).
\
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ANALYSIS OF POLYMERS FOR PHOSPHORUS
The various samples of polyacrylonitrile were analysed by the 
method described by R.J.S. Matthews (Thesis? Ph.D., London 1956?
Page 129) which is reproduced on p.64. A small glass pestle and 
mortar was used to grind the samples? although very slight scattering 
did occur in some cases due to electrification. An "EEL” absorptio- 
meter was used? further details being included on page 65 et. seq. 
Purification of Polymers
(For identification of references see Table 8)
A small quantity of the polymer under test (circa 1 gm or less) 
was washed 3 times with 50 ml*, of N-NaOH, on the first two occasions 
being maintained at 50°C for 30 minutes? and on the last occasion 
left overnight at ambient (c.20°C) temperature. In each case the 
polymer was washed on to a small sintered glass filter (porosity 2) 
and washed thoroughly with cold distilled water. The sample was next 
heated with 50 ml. of distilled water to about 80°C for 20 minutes, 
filtered and washed with warm water and the process repeated 3 times. 
Finally it was dried at 100°C for l-fjr hours.
The final product, which in many cases tended to become rather 
cream in colour, e.g. Sample N0.AN4 (see notes on copper content p.63) 
was ground in a glass mortar. This is stage A of purification.
The next stage of purification was based 011 the reprecipitation 
of a solution of the polymer in dimethylformamide using isopropanol 
as the precipitant. The procedure varied s|ightly for different samples.
63.
R1A (3 hrs.50 mins. sample),
1 gm of this was treated as above 
and
with R/lO RaOH thrice,/was dissolved in 10 gm dimethylformamide, 
solution occurring readily at 50°C. Addition of isopropanol 
caused the polymer to form a gel, hence it was redissolved in a further 
5 ml dimethylformamide, and reprecipitated with a total of 40 ml 
isopropanol, added rapidly with stirring. This formed a fine 
precipitate which did not settle readily but could be filtered on a 
2 x 3  sintered crucible and was washed with hot isopropanol. There 
seemed no evidence of any further precipitation in the filtrate.
0.3 gm of this second purification stage was dissolved in 5 
dimethylformamide and reprecipitated by 25 ml of isopropanol, the 
milky precipitate being centrifuged down. (MSE centrifuge at max.revs.). 
This filtered very slowly on a sintered glass crucible, and in this 
case the filtrate was reprecipitated with an excess of ethyl alcohol, 
and recentrifuged. The reprecipitated polymer was redried at 80°C, 
followed by alkali treatment thrice. In this case, after the first 
alkali-wash, a bluish green colouration was noticed which gave rise to 
the suggestion noted earlier that copper was present in the polymer 
itself. Accordingly, the final polymer was washed with a little conc.
HCL followed by excess water. The precipitate became almost white 
and the washings yellow, this being considered as marked evidence of 
cuprous copper. The purified polymer was submitted to perchlorate 
estimation as indicated in experimental section (Stage B).
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PT/1957/.U
This polymer was reprecipitated once only and the sand coloured 
precipitate after the first alkali-wash lightened considerably on 
washing with hot water. After the third alkali-wash (Stage A) the 
polymer was washed with conc. HC1 followed by water and alcohol, the 
dried polymer being off-white. 1 gm. of the polymer was dissolved in 
8 ml. dimethylformamide at 110°C, reprecipitated by 80 ml. of warm 
ethyl alcohol, and allowing to stand for 3 days. Filtration took 5 
hours. The reprecipitated polyacrylonitrile was white and foam like. 
0.5 gm. of dried material was washed with R/lO RaOH by the standard 
precedure, filtration being very rapid. The final material after 
washing with alcohol was dried at 110°C for 10 minutes only and stored 
in vacuum.
AR4.
The bulked polymer was treated as far as stage A purification
only.
Analytical Method
This method is substantially that of E.J.S. Matthews (Thesis, 
195$), which is a modification of Allen’s method. (Biochem J.* 34 
(1940), (858).
Analytical Grade Reagents were used throughout, the amidol being
supplied by Dr. C. Arcus. (Amidol = 2s4 diamino-phenol hydrochloride).
Amidol (25 gm) was dissolved in 60 ml. of water, heated with
0.5 gm. of decolourising charcoal, and filtered. Ethyl alcohol (50 ml)
was added, and the mixture stood at -10°C to precipitate the amidol.
It was filtered, giving 15 gms. wet weight of amidol, which on drying 
in a vacuum dessicator produced 10 gms, of purified Amidol.
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The reagent solution, which could he used for not more than two 
days was as followsi -
In practice the above was made up in a measuring flask to 50 ml. 
Some tests were made with the sulphite reduced by half, which made 
only minor differences in the readings.
Amidol, and the solutions as prepared were stored in brown 
bottles. Ammonium molybdate (4.15 gm.) was dissolved in water (50 ml,).
Preparation of the Polymer Samples
The polymer samples were ground, and purified as indicated. A 
quantity varying from 20 to 50 mg. was heated with perchloric acid,
(72*, 5 ml.) in a small Kjeldahl flask, polymer being weighed in a 
small micro-tube, which was inserted carefully into the flask so that 
polymer did not adhere to the walls of the neck. Polymer was heated 
gently for ten minutes, thence more strongly up to one hour during 
which the solution became colourless. Heating continued until the 
acid fumed.
The perchloric acid solution above was then made up to 250 ml. 
in a measuring flask with distilled water. Some crystals (possibly 
ammonium perchlorate) which formed on cooling the perchloric acid re­
dissolved on aqueous dilution. To 25 ml. of this solution was added
Amidol
Sodium Sulphite 7H20 
Water, distilled 
Sulphuric Acid, conc. 
Water, distilled
0.5 gm. 
10.0 gm. 
30 gm.
1.35 ml.
10 ml.
- 3$ - 66.
perchloric acid (72$* 3*5 ml.), amidol reagent (as above) 4.5 ml. 
and ammonium molybdate solution (3*5 ml.) The whole was diluted 
to 50 ml. in a measuring flask, allowed to stand in the dark at ambient 
temperature for 30 minutes, after which absorption was measured in an 
"EEL" absorptiometer, that of a blank of the reagents against water 
being determined simultaneously. 40 mm. cells using a 609 filter 
having peak transmission at 7000A° were used.
A comparison was made against a standard sodium dihydrogen
phosphate- dihydrate (Ned^PO^B^o) solution, .7095 gms. of this being
made up to 250 ml. with distilled water, and a portion of this was
diluted a further 50 times.
The amount of phosphorus measured in the samples derived from
polymer was actually one tenth of the phosphorus content, since only
25 ml. of the 250 ml. solution was in $$$& $$& used for each test.
There was a certain amount of practical difficulty at first, which 
was traced to suspect sodium sulphite. On its replacement good and 
reasonable values were obtained and in practice even if time taken 
for making the readings was extended somewhat, it made little
difference to the ’’EEL” readings. The readings in all cases are the
absorption, not the transmission.
Calculations
.7095 gms. sodium dihydrogen phosphate, as used for control, 
contains 0.1410 gms. of phosphorus.
Each ml. of dilute solution contains 0.1410 / 250 x 50 gms 
P = 11.28/i g.
An inspection of Table 11 shows that 1 deflection on the 
scale approximately equals g. of phosphorus, hence a graph 
to read results was dispensed with in this case.
Table 11 shows the actual weights of phosphorus in micro­
grams for the indicated aliquots of sample (l/lO of original).
Calculation of Phosphorus Content of Resin
Assuming there is one atom of phosphorus only in each mole­
cule of polymer thens-
a i 31
iV-k = yrn 10 x p
Where is number average molecular weight
a = weight of sample of resin
in micrograms.
p * weight of phosphorus in
micrograms,
31 is factor representing atomic weight of phosphorus.
10 is factor introduced hy the fact that only l/lO of original 
sample is submitted to phosphorus analysis.
Phosphorus Content and Molecular Weights
An inspection of the three sets of figures indicates that 
there is no uncombined phosphorus in the samples? assuming that 
the specially reprecipitated samples contain no phosphorus not 
in chemical combination with the polymer.
The number average molecular weight was calculated assuming 
that there is 1 atom of phosphorus in each polymer molecule 
(Table 11).
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VISCOMETRIC MOLECULAR WEIGHTS OF POLYMERS
Viscosities can however he used to determine absolute mole­
cular weights (P.F. Onyon, J. Polymer Sci. , 1956? 22, 14) "by 
using the following equations.
(1) After Heller. & = (Vhy ) ” kc.
spec.
(2) Using Houwink Equations, after Cleland and Stockmayer,
Y) = 3.92 x io~4 5 0,75
Where s-
c = concentration in g. per 100 ml. of solution, 
k = a constant approximately equal to 0.24.
'n = the intrinsic viscosity, ig-e-s— t-he—rola4rivo vises--mmTUS—P.o* t  0 , 
= the specific viscosity, i.e. the relative vises minus 1.J Sp©C0
rel= re-^a^^ve viscosity, taking the solvent as 1.
M = Humber Average Molecular weight.
Calculation of M.W. for R1 series
In this case 1 can be taken as 1.18 (Table 10).
*. JL 0
Substituting in Equation (l) s-
0.4 1/ 0.24 x 0.4.
0,18 / y S
or y \ = 1/2.32
'*j = 0.43
Substituting this value in the Houwink Equation (2).
' • -4- °-75
0.43 = 3.92 x 10 % n
or 0.75 log! = log 104 x 0.43 
n 3.92
M = IO97 4^3
11.300
Calculation of M.W. for
The first sample of M 5  (See Table lO/l) gave an anomalous high 
relative viscosity = 1.375*
Making the calculation as above, From Eqn. (l).
0.4 = 1/ -0.24 x 0.4.
0.375 h iv v»*
. * . Y) = 0.860
From Eqn.(2),
0.86 = 3*92 x 1(T4 Mn°°75
Mn = 21944/3 
= 2^ 400,
It will be seen from Table 11 that because of the agreement between 
molecular weight as determined from viscosity measurements and from 
phosphorus content, there is strong evidence for the assumption that 
each molecule of polymer contains on the average, one atom only of 
phosphorus, presumably as the residue of a phosphorus oxy-acid.
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Presence of Copper in the Polymers
It was observed in preparing samples for perchlorate oxidation 
(p.63) that a number of colour reactions seemed to indicate the 
presence of copper in some samples. In some solutions in dimethyl 
formamide as prepared for viscosity measurements there was a blue 
stain on the filter paper, suggesting a copper compound. A check on 
a sample of El No.2 (unpurified) by the 2s21diquinolyl method (p.74)
showed that after perchlorate treatment 40 mgs. of sample gave 285 gs.
—6of copper. In this case there was 250 x 10 mols. of copper sulphate 
in the mix per 0.05 mols. acrylonitrile monomer. The above weight 
corresponds to 0.7^ copper as found.
The percentage of copper in the mixtures (based on monomer) is 
0.6$ by weight, but as polymerisation was only about 62.6$ (Table 8/l) 
if all the copper had been precipitated with the resin there would be 
0.6 x = 0.96$ making the assumption that the copper is in
chemical combination.
Table 12 shows some further results with 2s2'diquinolyl tests for 
copper in a number of samples. The purification process is described 
on p.62. It is evident from the results that a considerable amount 
of copper is coprecipitated at the same time ae the polymer, but most 
of it can be separated by repeated reprecipitation. It is possible 
that a greater number of reprecipitations than two might have lowered 
the amount of copper in the polymer still further, but the two cases 
investigated seem to show that there is some copper permanently 
combined in the polymers.
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Some data as to probable minimum weight of the polymers can be 
calculated in the same manner as that for phosphorus (p»64)? assuming 
that there is one atom of copper per polymer molecule. These figures 
are for B, M.W. = 128,000 and for I), M.W. = 160,000- of a to tally- 
different order to those indicated from phosphorus determinations, 
and as obtained approximately through viscosity consideration. The 
reason for the actual entry of copper into the polymer molecules is 
not clear, but it may be via hydroxyl groups formed by slight hydroly­
sis, or by chelation through unshared electron pairs in the cyanide 
groups, in a manner similar to the porphyrin series in which case one 
atom of copper might be chelated to several different polymer molecules.
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DETERMINATION OF COPPER
Special Reagentsg
10$ w/v aqueous solution of hydroxylamine hydrochloride.
0.02$ W/v solution of 2g21 diquinolyl in n-amyl alcohol.
Method
Perchloric acid solutions were used as prepared for 
phosphorus determination. A suitable aliquot (5-100 ml) is trans­
ferred to a measuring cylinder and the pH adjusted to approximately 
7 with ammonium hydroxide. 1 ml. of 10$ hydroxylamine hydrochloride 
solution is added, the funnel is shaken and 10 mis of 0.02$ 2g2’ 
diquinolyl solution added. The funnel is shaken for a further 
minute and the layers allowed to separate. The coloured alcohol 
layer is filtered through a Whatman’s No.l filter paper and collected 
in a 10 ml. graduated flask. The volume is made up to 10 ml with 
0.02$ 2s21 diquinolyl solution.
A blank is also prepared using the above method from the 
reagents only.
The blank and the sample are compared colorimetrically on 
the "EEL” Absorptiometer using 20 mm. oells and light filter No.605* 
From the deflection obtained the copper content is read off in 
micrograms of copper by comparison with a previously prepared standard 
graph, using the transmission scale on log paper. Solutions should 
contain from 2-10 g of copper for satisfactory readings.
Infra-Red Spectra of Polymer
The purified sample of PT/l957/lA (See Table 8/l & P.62) was 
selected. It was not found possible to utilise a dimethylformamide 
solution of the polymer due to the extreme difficulty found in 
removing the last traces of polymer. The bromide disc technique, in 
which a disc is formed of thoroughly ground polymer with potassium 
bromide under high pressure was found satisfactory, and the spectrum 
is shown on Figure . A Perkin-Elmer "Infracord1 was used, and 
experimental work was by A. Moyles, to whom interpretation is due.
The interpretation of certain absorption bands is indicated on 
the spectrum. It may be noted that there are clear =PH bonds, CH 
and CN which would be expected. There is also a strong CH^, which 
is not expected, and may be attributed to branch chain formation and 
disproportionation. There is also evidence of NH, and CO which seem 
to indicate appreciable hydrolysis of the polymer, although it is not 
certain whether this occurred during the polymerisation or the 
purification, although the former is the most probable in view of the 
very low pH of operation. The =PH bond seems to give confirmation 
that there is bound phosphorus from hypophosphorous.acid residues in 
the polymer molecules, although it is not possible to tell whether 
there are any phosphorus carbon bonds.
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SUMMARY OF EXPERIMENTAL FINDINGS
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It has heen shown that the diazonium salt-hypophosphorous acid 
system is capable of acting as initiator in the free radical polymeri­
sation of acrylonitrile. This monomer was selected because of its 
appreciable water solubility, which made it possible to start with a 
homogeneous solution and to obtain a completely water-insoluble poly­
mer which is also insoluble in its own monomer. Various oxidizing 
agents, as shown below, accelerate the polymerisation reaction.
In the establishment of optimum experimental conditions (p.18 et, 
seq.), it was found that these could be simplified whilst maintaining 
and even improving the order of reproducibility. Diazonium compounds 
were freshly prepared in solution, and ndtisolated. It was necessary 
to devote some time in order to develop optimum conditions for diazoti­
sation, particularly where groups such as o- or p-nitro were present 
in the original amine. Strongly acid conditions of diazotisation were 
desirable in these cases, qnd sometimes partial neutralisation was 
adopted before the polymerisation mixtures were prepared. These are 
described more fully in the text (see p.49 et. seq.). It was found 
desirable (see Table 6) to ensure completeness of diazotisation and 
avoid an excess of sodium nitrite, which greatly prolonged inhibition 
times. This causes some slight irregularity in early experiments, 
although the effect on polymerisation rate of a slight excess of sodium 
nitrite is insignificant.
Whilst some early experiments were performed at 35°C, a temperature 
of 25°C was found to be normally suitable and was used in the systematic 
series. Polymer^ yields were estimated by filtration, washing and
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weighing, a technique of "boiling, followed by freezing and re­
thawing giving a product which was readily filterable through a 
sintered glass crucible.
As a result of preliminary experiments it was concluded that 
a 5-fold molar excess of hypophosphorous acid was desirable. Rigid 
exclusion of air was found not to be necessary. With the full 
screw-capped bottles used in the experiments, inhibition times 
were well defined and reproducible provided that diazotisation was 
quantitative, as explained above, (see Table 1/4). Rigid purging 
with nitrogen caused little, if any, reduction of inhibition time.
p-Toluidine was used as a standard for diazotisation in the 
preliminary experiments as shown in Table 1. Some early runs wwre 
performed on commercial stabilised diazonium salts used directly 
(Table 5)* These were continued, as were most of the early 
experiments for 15-16 hours. Four out of five of the stabilised 
salts, gave yields of polyacrylonitrile in the range 29-74
Copper sulphate was found to have a very marked accelerating 
effect on the polymerisation reaction, suggested reasons for this 
being elaborated in the discussion section of this thesis. A 
molar addition of only 1$ of that of the diazonium salt increased 
yields over 20/24 hours by a factor of about 2-gr and drastically 
reduced inhibition times. (Compare Table l/8 and experiment 14 
with Table 1/4 experiments J3 and J4).
78
Of a series of other accelerators which were tried in a restricted 
series of experiments (Table 2), all were considerably less effective 
than copper sulphate. Titanic sulphate and vanadyl sulphate had a 
moderate accelerating effect. Gold chloride showed some indications 
of being an accelerator and would presumably be effective under con­
ditions where its direct reduction to metal could be slowed down.
Potassium dichromate, potassium permanganate, ferric chloride and 
"ii^^^S'C,^ hloride had slight accelerating effects, whilst cuprous chloride, 
copper and cerium sulphate were ineffective.
Having obtained optimum conditions for polymerisation, the follow­
ing series of diazonium salts was examined?- 
Benzene diazonium chloride. 
p-Toluene diazonium chloride. 
m-Toluene diazonium chloride. 
p-Chlorbenzene diazonium chloride. 
p-Hitrobenzene diazonium chloride. 
m-Fitrobenzene diazonium chloride. 
o-Hitrobenzene diazonium chloride. 
p-Uitro-o-toluene diazonium chloride.
In these experiments, yields were ascertained after periods of 
from one and five hours of polymerisation, in order to obtain informa­
tion about the kinetics of the polymerisation reaction.
This series included varying additions of copper sulphate, the 
fundamental mixture for the series being shown on p.24. In all cases 
except the mixtures including o-ntrobenzene diazonium chloride and p- 
nitro o-toluene diazonium chloride, the additions of catalytic
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quantities of copper sulphate (relative to the diazonium salt/
hypophosphorous acid system) caused very large increases in the rate
of polymerisation. Thtls the addition of Vf> molar of copper sulphate
v ~ S t - f c c  p o i ^ T » \ e i r i s a V m n  o £  (Kcry 5 ile- 
on diazonium salt gave increases in of between 3 and 7 times.
'TVvese \ w oreaj e A Sfyyr
( u n t i l  p o l y m e r i s a t i o n ' s  a b o u t  50^  c o m p l e t e ,  i n  a 1 1 - c o b b s  f x g e p t j ^ t h e  
<SV b&S€ of p7t.
anomalies quoted The cut in inhibition time was equally
striking as indicated in Table 9-
Excess amine corresponding to Qfo of the amount added has a
neglible effect on either inhibition or polymerisation.
The order of increasing effectiveness of molar quantities of
t h e  d i a z o n i u m  s a l t s  i s  t h e  f o l l o w i n g s
o-toluene diazonium chloride.
m-toluene diazonium chloride.
o-nitrobenzene diazonium chloride.
p-toluene diazonium chloride.
benzene diazonium chloride.
p-chlorbenzene diazonium chloride.
m-nitrobenzene diazonium chloride, *
p-nitro-o-toluene diazonium chloride. * 
hifc^ o V> <J. * 3  ^ c lv i 0 fl G- *
The starred items are in reverse order where the copper content
of the mixture is high, as explained below.
The general order of difference between the diazonium salts is 
quite striking. The least effective diazonium salt used initially 
was o-toluidine diazonium chloride, which had almost no measurable 
initiating activity with the standard quantity of hypophosphorous 
acid, and even after an addition of 250 x 10 ^ mols of copper
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sulphate would only cause polymerisation at less than ifo per hour. 
Replacement of the ortho group by the meta group approximately 
doubles this rate (Table 7) &nd these two diazonium salts are con­
sidered as a class in themselves. By contrast a diazonium salt 
derived from p-nitraniline polymerised at least 120 times as fast 
under the same conditions as for o-toluidine.
For the range of amines investigated, para substitution of the 
main benzene ring induced faster polymerisation than an ortho or 
meta substituted derivative.
When diazonium salts were prepared from amines with ortho­
substitution in the benzene ring, the rate of polymerisation of 
acrylonitrile showed some surprising irregularities when the mixtures
contained copper salts. At low levels of copper salt addition, up to 
—6about 25 x 10 mols per experiment, the expected acceleration of 
polymerisation was obtained* If the levels of copper salt addition 
was increased further, although there was an apparent increase in 
the initial rate of polymerisation, this rate dropped rapidly, and 
polymerisation virtually ceased completely in runs where a high 
level of copper salt was present, viz., 250 x 10  ^mols.
The results are illustrated in Tables 8/6 and 8/8 and Figures 
2/6 and 2/8.
Of the two diazonium salts concerned, polymerisation was com­
paratively slow in runs based on o-nitrobeneene diazonium chloride.
—6In this case at a copper level of lOOx 10 mols polymerisation 
proceeded for the first hour at the same rate as that with a copper
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—6level of 25 x 10 mols and (yield 5.1$) thence proceeded more
slowly, yield of polymer after 15J- hours being 23.4% and 19.0$
—6respectively. With 250 x 10 mols copper, after a 5.5$ yield in
one hour polymerisation proceeded very slowly, being virtually
unchanged at a little over 9$ in 3 i hours. Runs based on p-nitro-
o-toluene diazonium chloride were much faster (Table 8/8). In this
—6case a copper level of 100 x 10 almost reached a ’'ceiling" level
of polymerisation after 2 hours only at 43.2$ polymerisation, whilst
—6the run with a level of 250 x 10 mols had reached a virtual 
maximum polymerisation (27.5$) after one hour only.
After repeated purification, a selection of the polymers which 
were examined contained a quantity of phosphorus inferred to be 
chemically bound. When a ’viscosity' average molecular weight of 
typical polymers was calculated from the Houwink equation, and com­
pared with the number average molecular weight calculated on the 
assumption that there was one atom of bound phosphorus per polymer 
molecule, there was considerable agreement. A viscometric figure of 
about 11,300 corresponded to molecular weights derived from phosphorus 
content of 11,600 -12, 260.
The function of the hypophosphorous acid as a chain terminator 
is discussed in the light of this correlation.
Small quantities of copper are permanently associated with the 
polymers, but a correlation of the above kind was not found.
The Use of Bisulphite as an Accelerator
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Preliminary experiments designed to. investigate whether the use 
of a bisulphite in addition to the diazonium salt -hypophosphorous 
acid system (Table l/6, Expt 44^0 would reduce inhibition time by 
assisting in removing oxygen, lead to the surprising result that 
there was considerable acceleration of polymerisation,, The obvious 
inference that the diazonium salt-bisulphite system alone was an 
initiating system, was therefore investigated (Table l/6; Expts 46B,
51C), and this was found to be so. It must be noted that series 
performed at different times (Table 4/2a and figure l/l$ Table 4/2b 
and figures l/2a and l/2b) produced results which were not in close 
agreement with each other, the second series producing about 2/3 the 
degree of polymerisation of acrylonitrile of the first. The are 
however consistent amongst themselves.
The very low concentrations of sodium metabisulphite required 
are in sharp contrast to those of the hypophosphorous acid series 
which is the main subject of this thesis. Molar bisulphite quantities 
of the order of 1$ of the diazonium salt produce yields of poly- 
acrylonitrile approximately double those formed under corresponding 
conditions where the molar concentration of hypophosphorous acid was 
in excess of the diazonium salt. In this particular series the
effect of a cupric salt accelerator cannot be assessed since the 
system cupric salt-sulphite is known to be a very effective redox 
initiator of polymerisation.
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Thiourea^(Tahle 4/4) also has some activity as a redox com-
v? .
ponent in the system diazonium salt-thiojrea/, when used as an 
initiating system for the polymerisation of acrylonitrile.
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DISCUSSION
The initial scope of the work undertaken was to investigate
whether the reduction of diazonium salts by hypophosphorous acid
(N. Kornblum, G.D. Cooper & J.E. Taylor, see p.7)? could he used to
initiate polymerisation of a vinyl monomer, and thus provide strong
evidence that this reaction is a free radical one. The results
as a whole form a strong indication tfeai; this is the case. Thus, in 
o-f £ cxv*ov* t e9
general,^polymerisation increase/ with increasingjjactivator (See Table
l/3, 1/5? Table 8)| there are the inhibition periods characteristic
of free radical reactions, rates of polymerisation increase with
temperature (Table l), and the shape of the curve in polymerisation
v. time graphs (Pig.2, 1-8) is characteristic of polymerisation in
solution under free radical conditions.
Although Kornblum and his colleagues had difficulty in obtaining 
'reproducible results,! there seemed little difficulty here in achieving 
reasonable reproducibilityjonce the technique had been acquired and 
general conditions for polymerisation had been established. It would 
seem that atmospheric oxygen has comparatively little inhibiting effect 
(Table 1, 1-5)? and the production of nitrogen during the polymerisations 
by decomposition of diazonium salts, which sometimes created slight 
pressure in the reaction bottles, would also help to expel oxygen slowly.
The possible effect of a Sandmeyer type of reaction, also operating 
by a free radical mechanism (See D.C. Nonhebel and W.A. Waters, p.10) will 
be considered later, but such effect tends to supplement rather than 
nullify the principles which have been established.
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The Free Radical Mechanism
The mechanism postulated by Kornblum is given on p.9* Our 
experimental results, however, indicate the presence of phosphorus in 
the polymers, (Table ll), in a proportion, which suggests, based on a 
comparison of viscometric molecular weights (See Table 10 and p.6$) and 
that based on phosphorus content, that there is one atom of phosphorus per 
molecule of polymer.
Under the very low pH conditions of the experiments, it may be 
reasonably assumed that the diazonium salts exist in the covalent form 
Ar.lM.Cl to a limited extent only. It would be rather difficult to 
postulate any chain initiation through hypophosphorous acid alone in the 
first place, although some diazonium hypophosphite is probably formed.
This would also exist to a limited extent in the covalent state Ar.^N.H^PO^.
Following Kornblum, aryl radicals may be presumed to be formed first s-
Ar. H = N. 01 ---- i Ar* + Up + Cl' (l).
Chain propagation would proceed in the first stage through a 
mechanism such as s-
Ar* + H j P O g ---- > Aryl - H + (HgPOg)* (2).
The (HgPOg)* radical would then commence a free radical chain with 
acrylonitrile monomer.
CHgiCHCN + (H2P02)' -----4 HgPOg.CHgCHCH* (3).
The phosphorus containing acrylonitrile addition radical thence 
proceeds to polymerise by the ordinary addition mechanism s-
H2P02.CH2CN* + CHgiCHClT -----) HgPOg.CHgCHCNCHgCHClf (4).
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A high polymer HgPOgCCHgCHCN) E is ultimately formed hy a chain 
reaction? E representing an end group# Ending of the chains could he 
hy disproportionation? mutual destruction of two radicals? or hy some 
external mechanism such as an addition of a chlorine atom or a hydroxyl 
group# It is not discussed further here#
Kornblum suggests two alternative forms for the hypophosphite 
radical? which may he written s- ^
H
I
H -P - 0 f-  
\
0
H -P - 0.
I
0
Type A.
ors-
H - P - CH f
i
o
> H - P - OH 
*
0
Type B.
The latter is suggested hy Kornblum as the most prohahle in 
continuing initiation of the chain according to reaction (2)# It is 
prohahle that a phosphorus - carhon hond exists in the polymer rather
than a phosphorus - oxygen hond# This is because the hypophosphite
!
ester type of end group would almost certainly hydrolyse much more 
readily than a phosphorus - carhon linkage#
According to the scheme of Kornblum? chlorine radicals are always
. s
produced according to (1) • No suggestion is made hy Kornhlum as to 
how these radicals are consumed? hut this could he hy a further reaction
Hypophosphite radicals could also be formed of type A# See p.D7 
for further discussion.
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Cl* + (h2po2) ----- *C1 + (h2po2) (5).
The (HgPOg) radical would he capable of starting a further polymer 
chain as in (3).
(in above Ar = an aryl radical.
There is no variation in the nature of the suggested chain if
hypophosphorous acid is regarded as a neutral molecule, as above, or if 
the scheme were modified slightly so as to be based on the hypophosphite 
ion (HgPOg)” which could then form an ion radical (HP02)*\
The only difficulty in the envisaged scheme is that it is difficult
at first glance to understand why the aryl radicals first formed do not 
initiate polymerisation* This may occur to a slight extent, although it 
is considered (C*E.H* Bawn & S.P. Mellish, Trans* Par, Soc. 1951? 47? 1216) 
that polymerisation caused by decomposition of benzoyl peroxide is 
initiated by benzoyl radicals, (CgH^COO)*, rather than by phenyl (C^H^)*
radicals. Energy considerations probably give a high priority to 
reaction (2). If any polymer chains are initiated by end groups
rather than H2P02 groups, it is possible that chain termination due to 
mutual destruction of radicals could restore the approximate ratio of 1 
atom of phosphorus per molecule of polymer.
Another scheme can be envisaged which would avoid the necessity for 
the postulation of aryl radicals* This considers the production of free 
radicals by a bimolecular reaction which involves diazonium ions, and
either hypophosphorous acid ions, or neutral molecules.
* "1* •
(Ar.H2)+ + (H2P02) " --- — > (ArN2H) + (HPOg)- ( 6 ) .
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(HP02)“ + H+ ---------- > (H2P02) (7).
This would he followed by (3)«
Note? In above formulae the free radical is shown on the phosphorous
atom for the sake of clarity, but this does not necessarily imply 
that the unpaired electron in the radical is on the phosphorus atom.
The suggested (Artyi)* radical ion may be written as a resonance
form with an unpaired electron on either nitrogen atom.
* •
(Ar - I s N - H)+-- - -- (Ar - N s N - H)+
This radical could decompose by a further reaction with hypo­
phosphorous acid i-
(ArMgH) + (HgPOg)- --- * ArH + Kg + (l^POg)* (8).
The variation, using neutral hypophosphorous acid is s-
(Ar.N2)+ + H3P02--------  (Ar.N2H)+ + (HgPOg)’ (9).
followed by (8) above.
Since the reaction rate increases with increasing concentration of 
hypophosphorous acid, best illustrated by reference to Table l/7j there 
is some evidence to support the idea of a bimolecular initiation reaction, 
as the scheme in reactions (l) to (5) would depend for the rate 
controlling factor on the unimolecular reaction (l).
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It is generally accepted that the tendency of a diazonium salt to 
react via a radical mechanism is through the unionised compound rather 
than through the diazonium ion, (W.A. Waters. The Chemistry of Free
Radicals. Oxford 1946? p.156). This should be noted in connection 
with the discussion of the effect of various aryl radicals, which is 
made at a later stage.
This point may however be effectively answered if it is considered 
that the diazonium wionsft do not refer to fully ionised compounds, but to 
localised electron effects. Both the permanent inductive effect, and 
the electromeric effect on the approach of a reagent, would tend to place 
a positive charge on the diazonium grouping.
The bimolecular reaction suggested above can also be envisaged as 
operating through neutral diazonium hypophosphite
Ar.K2,H2P02 -------- Ar* + N2 + H2P02* (10)
This is followed by reactions (2) and (3).
The scheme based on (10) assumes the intermediate formation of 
aryl radicals. It will be of interest in a later discussion of the 
effect of copper salts.
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The Effect of the Cupric Salt
Kornblum suggests that copper sulphate might act by bringing about 
a one electron oxidation of hypophosphorous acid or its anion s~
Cu++ + HgPOg" ____ > Cu+ + (H2P02)‘ (11)
This, following Kornblum, might be followed by s-
(H2P02)* + ArF2+ — ^Ar' + Hg + (HgFOg)* (12)
and presumably s-
(H2P02)+ + H20-- - > H,P0', + H+ (12a).
It would be difficult to envisage how such a scheme could operate 
in initiating polymerisation, although (12) might be followed by (2), 
thus producing neutral hypophosphite radicals which could commence the 
polymerisation chain reaction as in (3), In this case it is necessary 
to follow Kornblum’s postulation (see p.D3) that there are two types of 
hypophosphite radical, and that only type B (p.D3) is capable of 
initiating polymerisation. Type A radicals are presumably formed by 
reaction (ll).
In support of his claims that only a Type B radical would initiate 
polymerisation, Kornblum, following Pitzer (J.A.C.S. 1948, 70, 2140) 
points out that there is a considerable difference in the bond strength 
of the P -H and the 0- H bond, the latter being 32kcal. stronger*
Experimental work (p*59) ^as indicated that copper sulphate and 
hypophosphorous acid do not react to any appreciable extent in contrast 
to Angeli and Gazzi, p.l4A. Whilst reaction (11) may be reversible to 
a limited extent, considerable doubts must be cast on the above mechanism 
which does not explain the largely catalytic function of the copper salt.
D8
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An alternative viewpoint on the effect of copper is from the 
explanation of the Sandmeyer reaction (D,C. Nonhebel and W.A. Waters,
ProCo Roy. Soc,, Al, 1957? 242, 16,), in which the Sandmeyer reaction 
takes place by a one electron transfer mechanism,
Ar - Ar* + Ar (13)»
r 2 ^ \  2 \
_ \ . \, 2+ +
Cl "Cu ' V I ----- -*Cu + Cl + Cu
This reaction proceeds through cuprous copper, but cupric copper 
is presumed to be an intermediate. The experiments with cuprous copper 
described in this thesis show that it is ineffective as an activator 
(Table 3).
An explanation may be that in the presence of a hypophosphite the 
middle stage of reaction (13) is subject to interference, e*g, by reaction 
(2), On the other hand the presence of even a trace of cuprous salt 
formed by a slight and possibly reversible reduction of the cupric ion 
to the cuprous state by hypophosphorous acid, would enable the first 
stage of reaction (13) to proceed. This reaction is presumed to be 
rapid, and reaction (2) might operate in competition with the second 
stage of (13)♦ There is however, no experimental evidence obtained in 
the experiments described in this thesis as to the decomposition products 
of the diazonium salt. In addition there has been no clear correlation 
between viscometric molecular weight and copper concentration.
It should be noted that the results described here digress somewhat 
from those of Nonhebel and Waters. (See Table 1 of their paper). These 
workers indicated that cuprous chloride with a diazonium salt gave almost 
instant polymerisation of either acrylonitrile or methyl methacrylate.
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On the other hand the yields for a 16 hour polymerisation time were 
of a lower order than those shown in this thesis.
Ronhebel and Waters used a purified diazonium fluoroborate, and also 
polymerised in evacuated tubes. Their concentrations are comparable to 
those used here. The difference may be due to the effect of the 
different anions. Table 1 of Nonhele|and Waters does not quote any 
yields of polymer, whilst Table 3 quotes yields of from 6 to 19$ 
approximately of polyacrylonitrile, which are comparable with the yield 
of 11.5$ in 20 hours quoted in Table 3 with a different diazonium salt. 
Table 13 gives a comparison between the concentrations of the various 
reagents as used in experimental work described here, and that of 
Nonhebel and Waters.
The scheme which will explain the effect of cupric salts most simply 
is that the cupric ion reacts with the covalent diazonium hypophosphite 
by a bimolecular reaction to produce a free radical derived from hypo­
phosphorous acid, which is effective as an initiator of polymerisation, 
in accordance with reaction (3)» Following the initial reaction, the 
diazonium ion formed, or more probably the aryl radical formed by its 
decomposition, reoxidizes cuprous copper to cupric ion. This would 
readily account for the purely catalytic quantity of cupric salt required, 
and also for the fact that increasing the amount of copper salt increases 
the rate of polymerisation, since the rate of reaction would be governed 
by (14) below. The "copper anomaly" series' based on the diazonium 
compounds from o-nitraniline and p-nitro ortho-toluidine are considered 
later (p.l05*).
DIO
Ar. N2. H2P02 + Cu++ ■*»*& (ArF2)+ + (HgPC^)* + Cu+
ch2.chcn + (h2po2)# h2po2.chcn°
(ArN2)+ + Cu+— Ar* + N2 + .Cu++
or (ArF2)+  Ar+ + N2
and Ar+ + Cu+ — ■— * Ar* + Cu**
Reaction (16) is followed by (2).
Ar* + H'3P02----> ArH + ( H ^ ) *
and reaction (3) to start the polymerisation chain.
An alternative to reaction (15) might well be the first stage of 
the Sandmeyer reaction as shown in reaction (13). This avoids the 
necessity of assuming the existence of aryl free radicals during the 
reaction.
Ronhebel and Waters (loc. sit. p.22) also consider the possibility 
that cupric chloride might take part in a chain termination mechanism 
such as s-
Ar-(CH2CHOT)n* + Cl -Cu -Cl — }Ar-(CH2CHCN)n-Cl + CuCl (17).
The addition of copper as cupric sulphate in the first place would 
not preclude a mechanism of this type taking place since there is ample 
chloride ion present. The presence of copper in the polymer itself 
might, however be accounted for by some termination reactions such as
Ar-(CHgCHCN) ' + Cu+  ---> Ar-(CH2CHCH)n-Cu+ (18).
Ar-(CH2CHCH) -Cu+ + Cl" — > Ar-(CH2CHCH)n -CuCl. (19).
The rate controlling reaction (14) in this scheme would become the 
rate controlling reaction in the entire polymerisation, and would reasonably 
be much faster than the controlling reaction in the copper-free reaction, 
say (5) or (10).
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(14).
(13).
(15). 
(15a).
(16).
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Effect of Oxidizing Agents other than Cupric Chloride
Table 2 indicates the effect of a number of other oxidizing agents 
which are discussed on p. 34 et seq. It is reasonable to assume that 
they all take part in a one electron bond oxidation of the type postulated 
in equations (ll), (13)? or (14)» All of the oxidizing agents concerned 
which show some effect contain a metal which is capable of existence in 
several states of oxidation, and it would be reasonable to assume that a 
redox reaction of the type
Ti4 +  k Ti3+ + e
\-------
would give rise to a similar series of reactions to those of copper 
sulphate under the experimental conditions.
Table 158 (p.950) of Textbook of Physical Chemistry by S. Glasstone 
(2nd. Ed. Macmillan and Co.) gives standard electrode potentials. Some 
of these are 2-
Pt, Ce3+, Ce4+, - 1.61 volts
Pt, Mn 2t MnO “ + 8H, - 1.52
Pt, Fe2+, Fe3"1", - 0.771
Pt, Cu+ , Cu2+, - 0.16
Pt, Ti3*, Ti4+, - 0.06
Pt, Cr2+, Cr3+> + 0.41.
J.J. Lingane, Electro-analytical Chemistry, 2nd Ed., Interscience,
1958, quotes 2-
V0++ +2H+ + e = V+++ = H20 + .361 volts.
Using Glasstone’s notation this would.be .- .361 volts.
2+ +If the reduction potential, Cu , Cu , is the optimum for any of the 
possible mechanisms of free radical polymerisation, thence the other redox 
systems as indicated on p. 34 et seq. fit in fairly well with the expected results.
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The Effect of Substituents.
If the "Copper Anomaly" series (Table 8/6 and 8/8) are left out 
of consideration, it is interesting to compare the results of this work 
with those of Kornblum et. al. on the one hand, and Nonhebel and Waters 
on the other.
The general order of reactivity on the present findings are as 
follows. The amines from which the most active diazonium salts are 
obtained being placed first, 
p-nitraniline
*
p-nitro o-toluidine'
*m-mt rani line 
p-chloraniline
\
aniline \
p-toluidine
o-nitraniline
m-toluidine
o-toluidine
These two are in reverse order with high copper contents in mixtures.
Kornblum*s order was s- |
pentabromaniline j
i
p-nitraniline I
p-toluidine j
|
p-anisidine
A feature of Kornblum*s results was that the rate of reaction of j
the first and last names amines was totally different, the figures in ;
3 4 Ihis paper indicating that the first was between 10 and 10 that of the last;
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Nonhebel and Waters gave a corresponding order for polymerisation, 
based on inhibition time only, of s- 
p-nitraniline 
p-chloraniline 
aniline 
p-anisidine.
As far as direct comparison is possible, the qualitative effect 
of different types of substituents are similar in all three tables, 
and similar to the generally accepted view of the effect of substituents 
in the benzene ring in the Sandmeyer Reaction. (Electronic Outline of 
Organic Chemistry, S. Horwood Tucker, University of London Press, 1959?
P.433).
p-NOg > p-Cl > H y p-Me | p-MeO.
Reasons for the differences between the various substituents are 
considered later (p.Dl6).
On the other hand, the stability of diazonium salts, as measured 
by the rate of decomposition at 20°C seems to have no general connection 
with the order of activity in the hypophosphite reaction. (K.H. Saunders, 
The Aromatic Diazo-Compounds, 2nd, Ed., Edward Arnold, 1949? P*64> 
quoting Snow, Ind. Eng. Chem., 1932, 24* 1420) Snow’s table of 
stabilities is reproduced herewith.
According to Snow, p-chloraniline produces the diazonium chloride 
of maximim stability, p-toluidine is No.11, aniline is No.27* 
m-nitraniline is No.2, o-nitraniline is No.4? and p-nitraniline No.6. 
Nonhebel and Waters (loc.sit. p.23) indicate that the heterolytic 
decomposition of diazonium cations, even over a long period, is slow
p-Chloroaniline. 
m-lTitro aniline. 
m-4-Nitroxylidine. 
o-Biiroaniline. 
o-Anisidine. 
p-Nitroaniline. 
p-Bromoaniline. 
o-Phenetidine. 
p-Iodoaniline.
5-Aminosalicylic acid. 
p-Toluidine.
Aminoazobenzene. 
p-Aminophenol.
p-Phenylene diamine (diazotised)D 
Picramic acid*
Sulphanilic acid. 32.
p-Aminobenzoic acid. 
a-Naphthylamine. 
p-Anisidine.
-Baphthylamine. 
m-4-Xylidine.
Anthranilic acid.
Aminoazotoluene. 
m-Aminobenzoic acid. 
o-4-^ylidine. 
o-3-Xylidine.
Aniline.
o-Toluidine.
m-Toluidine.
m-Anisidine.
p-Xylidine.
p-Phenylenediamine (tetrazotised).
STABILITY OF DIAZQNTUM CHLORIDE (After Snow)
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
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compared with the first stage of the Sandmeyer reaction, which can be 
considered as a homolytic decomposition. The decomposition of diazonium 
salts as indicated by Snow's table, is that of the ion s-
Ar - IS = N ■ Ar + JTg
Nonhebel and Waters (loc. sit. p.2l) suggest that since electrophilic
substituents such as Cl and NOg favour the formation of the covalent
diazo compounds, homolysis is favoured by these substituents. The
results, based on the polymerisation of acrylonitrile which is obviously
free radical induced, support this assumption (Table 8). The anomalous
behaviourcfa^o-nitro substituent will be considered later. As expected
the effect of a nitro group is more marked than that of chlorine in a
corresponding position, since inductive, eleetromeric and resonance
effects all unite in the nitro*-group to withdraw electrons from the ring.
(G.I. Brown, An Introduction to Electronic Theories of Organic Chemistry,
Longmans, Green & Co., 1958? p.142). Conversely the electron releasing
methyl group causes p-toluene diazonium chloride to be less effective in
polymerisation initiation than the unsubstituted aniline.
withdrawal of
If it is considered that ease of/electrons by substituents in the 
ring is a measure of the ease of formation of free radicals, as measured 
by rate of acrylonitrile polymerisation, an obvious difficulty arises if 
equation (6) is considered, since this postulates a reaction between ions 
to produce free radicals. The withdrawal of electrons from the Ng group 
tends to cause the diazonium salt to react as a covalent compound ArlTgCl
JL —
rather than as a salt ArNg Cl .
D.15. ida.
However, if it is only the reactivity, i.e. ease of reduction in 
terms of classical chemistry, that is considered, then this problem 
can he explained, since a diazonium ion with low electron density on 
the diazonium group would he expected to have high reactivity to a 
nucleo-philic reagent, e.g. a hypophosphite ion.
On the other hand, if either the Kornblum scheme is adopted as 
the mechanism for free radical initiation of polymerisation, or ©Is© 
that in equation (10), based on decomposition of a neutral diazonium 
phosphate, then these complications do not occur.
The Effect of Excess Acid
In certain of the experiments described, an excess of hydrochloric 
acid was present. This was necessary in order to obtain a solution of 
the amine in the first place. Nonhebel and Waters, in a hypophosphite 
induced decomposition quoted in Table 1, indicate that time for 
evident polymerisation was longer in the presence of an excess of 
acid. In the case of o-nitro-benzene diazonium chloride these results 
have been confirmed as far as inhibition is concerned (Table 9/6)> "but 
polymerisation is faster with the more acid mixture (Table 8/6). The 
relative results with partially neutralised p-nitrobenzene diazonium 
chloride are indecisive as far as inhibition is concerned, and yields 
vary withutime. Thus there is no general evidence that increasing 
acidity or chloride ion has any marked effect on the polymerisation 
reaction as far as experimental results permit a conclusion to be 
reached.
D . l  6
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The Effect of Substitution
The variations between o-, m- and. p- substituted diazonium salts 
need careful consideration if a satisfactory explanation is to be found 
in terms of electronic theory. Apart from the "copper anomaly" series, 
in which copper salts, after causing an initial acceleration, slow up 
or stop the polymerisation completely, it is to be noted that whether 
the substituent be methyl or the nitro group, a para substitution in 
the benzene ring produces a faster reaction than meta- substitution, 
which in turn gives a much faster reaction than the ortho-substituted 
benzene ring. The results using p-nitro o-toluene diazonium chloride 
(Table 8/8) show clearly the combined accelerating effect of the p- 
nitro, and the retarding effect of the o-methyl groupings.
The differences between meta and para substituents can be 
accounted for in a qualitative fashion by Hammett's equation (J.A.C.S., 
1937> 59? 98) for side-chain reactions. This equation can be 
expressed in the forms -
log K - log Kq = 
where is the rate constant for the unsubstituted reaction, K for 
the substituted compound! ^  is a constant for any one reaction, and^ 
is constant based on the substituent.
Hammett's values for£ in the groups used for substitution in
these experiments ares
p-Me - 0.170
m-Me - O.O69
p-Cl + 0.227
m-H02 + 0.710
p-UO^ + 0.778 (+1.27 for aniline and phenol deriva­
tives).
Except for the m-methyl figure the order shown is qualitatively 
those of our results based on polymerisation of acrylonitrile. t^ 
would not be wise to attempt to express these results on a more 
quantitative basis based on Hammetts equation, since it implies that 
the rate of the redox reaction can be measured by degree of monomer 
polymerisation.
Variations between ortho-, meta-, and para- substitution are 
fairly easy to explain. Differences are illustrated diagramatically 
on p,102A.
The inductive effect of the substituent is most marked at an 
adjacent carbon atom (S. Horwood Tucker, p.22), and this would 
account in qualitative fashion for the fact that o-toluene diazonium 
chloride is the least effective in the hypophosphorous acid catalysed 
polymerisation of acrylonitrile. Hyperconjugation would also have 
similar effects, that in the ortho- position being much more marked 
than that in the para-position.
The effect of meta- substitution is illustrated on p,102A. In 
this case the inductive effect is relayed along the ring, and re­
inforces the charged nitrogen.
/ CK, H
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o-m JLW "? ioh
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The substitution in the ring of a nitro group* .would as already 
indicated* increase the tendency of the diazonium group to form a 
covalent link with chlorine rather than an electrovalent one^by the 
strong tendency of the nitro group to withdraw electrons from the 
ring. The effect of ortho substitution is however the reverse of 
the expected effect in that the hypophosphite reduction* as measured 
by polymer yield, is less than that with aniline.
There are two hypotheses which can be put forward to account 
for the anomalous results with the ortho substituted nitrogen.
1) It may be that the very strong effect of the ortho-nitro group 
increases the covalent character of the diazonium salt to such an 
extent that its stability increases to a degree in which it no 
longer forms free radicals readily.
2) The stereochemical configuration may be favourable to oxygen 
bonding.
A para-nitro substituent acts in the expected manner and tends 
to increase the charge on the diazo-group as shown on p.l02A (after 
Horwood Tucker* p.431* figure XXI).
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A meta-nitro substituent on the other hand could not show the 
-T effect of the para substituent since the conjugative effect due 
to the presence of the nitro .group would not be transmitted to the 
diazonium groups. In diagram(ljon p.l02A only one of the possible 
forms is shown for simplicity.
However9 a further conjugative effect is possible from (ii) and 
this would have the effect of withdrawing electrons from the diazo- 
group to the ring by the mechanism shown. Alternative forms can 
easily be deduced by using the tautomeric form of the benzene ring 
and operating the conjugative mechanism in the opposite direction.
The above could reasonably account for the activity of the meta­
substitution of a nitro group in relation to its activity in inducing 
polymerisation.
The simple effect of the combined p-nitro and o-methyl substit­
uents as illustrated in Table 8/8 is the expected one of an activa­
tion by the p-nitro group and a deactivation by the o-methyl. The 
"copper anomaly” is considered later.
The p-chloro group acts in the expected manner by withdrawing 
electrons from the ring9 and tending to activate the reaction, the 
effect being less marked that that of the p-nitro group.
D. 20
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The Copper Anomaly Series
The series of polymerisations hased on the diazonium salts 
derived from o-nitraniline and p-nitro o-toluidine show an anomalous 
hehaviour on the addition of copper salts. After an initial speed-up 
of the polymerisation compared with the absence of a copper salt, the 
reaction is slowed, and ultimately comes to a complete stop under 
experimental conditions. (See 0EA3, 4 and PN0T3j 4 Figures, 2/6 Q#) 
and 2/8). In both of these cases the optimim quantity of copper is of 
the order of ifo of the molar concentration of the diazonium salt.
In discussing all results which include a copper salt it must be 
remembered that there may well be two superimposed reactions. These are g
1) The Sandmeyer reaction, in which a cuprous salt may be formed 
as a transient species by reduction (See D8, and note A. Angeli,
Gazzdbta Chimica Italiana 1891? 21 (pt 2), 258, see P.14A of this thesis).
2) The Diazonium salt/Hypophosphite reaction.
Both may well play varying parts in the overall reaction picture, 
as discussed on p.D7 et seq.
In both of these cases the (hydrochloric) acidity of the solutions 
was greater than usual due to the difficulty of dissolving the original 
amine.
An explanation (for the anomalous behaviour of copper salts) is 
rather difficult to devise. It is known that under some conditions in 
free radical polymerisation copper salts function as inhibitors except 
in exceedingly small concentrations, and an inhibiting effect of a
106
1)21
copper salt might develop during the course of a reaction., especially 
as its relative concentration would remain virtually constant , whilst 
the generation of free radicals by an initial reaction would diminish 
since this depends on the concentration of the initiators. (p.D2).
This however* would not account for the exceptional behaviour in 
the two cases under consideration.
The unique feature of these anomalous cases is that an ortho­
position is substituted in each case. Bearing in mind that the 
is electron repelling, and the -^0^ strongly electron attracting, an 
explanation must be sought outside the nature of the ortho- substituent, 
and purely on its position.
The ortho H atoms in the remainder of the series are the only ones 
which might have some migratory properties relative to the general 
reaction. This would also have to be explained in terms of the general
reaction in the presence of cupric salts. It should be noted that there
a
is still one ortho hydrogen relative to the d^/zonium group in each of 
the two ’’Copper anomaly” cases.
It is not proposed therefore to offer any complete explanation of 
the anomalous effects of high copper concentrations in the two series 
concerned. A more detailed explanation would require extensive research 
on the nature of the reaction in the absence of a polymerisable monomer.
D22.
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The Use of Bisulphite as Co-accelerator
The presence of a diazonium salt, known to take part in a redox 
system as the oxidizing component, and a bisulphite, which is well 
established as a reducing component, would make it a reasonable 
assumption that the diazonium salt/bisulphite system is a typical 
redox type. According to R.G.R. Bacon (Quarterly Reviews, 1955? 9?
302), little is known about the mechanism of the persulphate/bisulphite 
redox system, '
It is generally considered that the presence of a metal or other 
ion capable of a one electron change in valency state greatly accelerates 
free radical polymerisations, including redox systems, (Bacon, loc, sit). 
In addition, U.S.P. 24739^9 claims that the presence of only two parts 
per million of iron in the water phase of a polymerisable system is 
desirable with a hydrogen peroxide initiator. It has been found 
(Vinyl Products Ltd. Laboratories, unpublished), that the presence of 
iron in a few parts per million makes a profound effect on the rate of 
polymerisation of vinyl acetate in emulsion using hydrogen peroxide as 
initiator.
It is highly possible, therefore, although unproven, that the
mixtures described here may have sufficient iron present for this to
■X’
have a catalytic effect . in this connection it is to be noted that
*A test for iron in a reaction mixture as on Table 4/l absence of 
acrylonitrile indicated 0.57 p.p.m. of iron by o-phenanthroline test.
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the maximum iron specification in reagent sodium nitrite is 10 parts 
per million* The presence of a trace of iron might start a redox 
reaction chain hased on that postulated by Berry and Peterson (J«A«C#S*,
1951, 73, 5195).
In the scheme the diazonium ion replaces the persulphate one.
T71 2+Pe + (ArN2)+ ... ■n 3+< ■+ Ar* + H2
Ar° + h2 ° .— :v ArH + *0H
Pe3+ . + HS03.... "
Pe2+ + hso3
According to W.A. Waters (Chemistry of Free Radicals, Oxford, 
Clarendon Press, 1946, p.235) "the sulphur atom has an odd number of 
electrons.
41
Either the hydroxyl or the HSO^ radicals can initiate polymerisation 
Alternative and competitive reactions could be ?-
HSO- + Ho0   HoS0- + °0H D.
3 c. v <L 3
2HS0‘3 ... .... h2S2°6 E*
Reaction I) would imply that the function of the bisulphite is
e
entirely catalytic. If the HSO^ radicals were entirely used up in 
initiating polymerisation, thence the optimum conditions would be given 
by equimolar concentrations of diazonium salt and bisulphite, i.e. a 
ratio of 2 mols of diazonium salt to 1 of metabisulphite as used.
The actual optimum ratios indicatedin the experiments are 10: 1.75* 
This would indicate that a regeneration scheme as per D would predominate
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In the above scheme it might he possible for a catalytic quantity 
of copper to have a similar effect to iron# In this case the cupric/ 
cuprous electron transfer mechanism would be utilised instead of the 
ferric/ferrous one#
A scheme can be devised without the assumption of a catalytic 
quantity of iron being present. If homolytic fission of the diazonium 
salt takes places according to equation (l), it could be followed by a 
reaction such as s-
Ar* + H2S03  ArH + HS0'3 E.
The HS03 radical either functions as an initiator directly, or 
reacts as per scheme D to give hydroxyl radicals.
The bhlorine radicals Cl* produced according to equation (l) by 
fission of the (covalent) diazonium salt could react with either 
sulphurous acid or with water.
c i *  +  h 2 so3 - . . . . . - . . v  H+ + C l"  +
Cl* + H20 ................. ;vH + + Cl +
In order to obtain further information as to the above it would be 
necessary to analyse and examine the purified polymers further, e.g. for 
sulphur groupings, and for molecular weight.
It is to be noted (Fig.l/l, l/2, Table 4/2a and 2b) that an excess 
of bisulphite has a markedly retarding effect on the reaction. Several 
suggestions can be made to account for this# One is a termination 
reaction by chain transfer s-
hso '3 F# 
* OH G.
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X (CH2CHCN)n# + H2S0‘3.-... - X(CH2CHCN)nH + hI303 H.
Another is chain termination by HS03 radicals
X(CH2CHOT)n8 + HS0‘3..... > X(CH2CHCN)S03H. I.
Alternatively the phenyl radicals might well be deactivated s-
C.H* + HoS0* .... •; C,BL.SO-H + H# J.6 5 2 3  6 5 3
followed by s-
C6 V  + H* ... ->C6H6 K-
There may be a number of side reactions which take place, e.g. the 
production of a hydrazine derivative. (K.H, Saunders, p.l4?)»
(ArN2)+ + 2h2S03 + H2 ° ... >Ar.M.M.S0'3H + H2S04 + H+.
Experimental conditions described here were however too acid for 
the sulphonic acid to be formed, and the aryl hydrazine might have been 
present to some extent as discussed on p.42.
The tests in which p-tolylhydrazine hydrochloride was added as 
described on p.42a, and table 4/5 could account for the auto-acceleration 
effect which can be noted in several experiments shown in Figure l/2b,
A scheme in which a hydiazine derivative functions as a redox component 
could be devised.
The diazonium salt/bisulphite redox system as an initiator of 
polymerisation has been investigated to a limited extent only as it had 
not been the original object of the investigations. Some indications, 
however, are made of possible reaction mechanisms in the light of the 
results obtained.
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TABLE 1h
Standard Conditions as Table 1/4, 
but with Initiator Variation.
Reference F2
•
F3 • F4
Acrylonitrile Monomer 
(Mols) .05 .05 .05
Toluene Diazonium 
Chloride (Mols) .002 .015 .015
Hypophosphorous Acid 
(Mols) .01 .0075 .0075
Whether nitrogen 
purged. Yes Yes No
Inhibition Time 
Hrst Mins. 1.00 3.15 3.50
Actual Polymerisation 
Time (Hrs.Mins) 22.10 18.55 18.20
Percentage Yield of 
Polymer 44.0 35.0 36.4
Percentage Yield 
Per Hour 2.09 1.88 2.00
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TABLE 1/7
Similar to Table l/6. Designed to 
show effect of Hypophosphorous Acid Variation
Temperature 35.0°C.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Reference 42A 42C 42B 42D
Acrylonitrile Monomer 
(Mols) 0.1 0.1 0.3. 0.1
Toluene Diazonium 
Chloride (Mols) .001 .001 .0025 .0025
Hypophosphorous Acid 
(Mols) .005 .01 .0125 ♦ 025
Inhibition Time 
(Hrs.Mins)
Greater 
than 
120 hrs
Approx
13.15 1.45 1.05
Actual Polymerisation 
Time (Hrs.Mins) -
Approx
31.00
Approx
42.30
Approx
43.10
Percentage Yield Nil 20. Of, 56.6 71.7
Mol. Ratio. 
Hypophosphorous Acid/ 
Diazonium Salt
5 10 j * 5 10
This table should be compared with l/3, which was also 
performed at 35°C.
42B and 42A are identical with the corresponding references 
in Table l/6*
Refs; 
31. 
For 
comparison 
with 
blanks 
see 
J3 
and 
J4 
Table 
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TABLE 2.
USE OF MISCELLANEOUS ACCELERATORS
Table 2/l
The following is the fundamental polymerisation recipe used 
throughout, polymerisation taking place in 2 oz. crown screw cap 
bottles at 25°C.
1. (p-Toluidine 
(N-HC1
2. Sodium Nitrite
3. Distilled Water (Net)
4. Acrylonitrile Monomer
5. Hypophosphorous Acid
6. Oxidant.
Added as 10 ml. of solution 
prepared in advance.
*107 gm.)
2*5 ml. )
0.070 gm. added as 5 ml. M/5 solution.
See individual mixes.
2.65 gm. added as 3.3 ml.
•33 gm. added as 10 ml. M/2 solution.
See individual mixes.
SERIES K
K1 K2 K3 K4
(ii)
Oxidant Potassium Potassium Copper Sulphate Ferric' 7
Dichromate Permanganate Pentahydrate Chloride
Anhydrous
Quantity added;
(a) Weight ,0122gm. .0079 gm. .0624 gm. .0405 gm.
approx.
(b) Molarity* .00025* .00025* .00025 .00025
(c) How added As 2.5 ml. aqueous solution in all cases.
Distilled Water 30.5 ml. in all cases.
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SERIES N.
Oxidant
Quantity added?
(a) Weight
(b) Molarity
(c) How added 
Distilled Water
HI N2
Ceric Sulphate Silver Acetate
**
.0332 gm. 
.0001
10ml.soln.
.OI669 gm. 
.0001 
10ml.soln 
23 ml. in all cases,
N3
Copper Sulphate 
Pentahydrate
.025 gm. 
.0001
10ml.soln.
SERIES U3
Oxidant
Quantity added?
(a) Weight
(b) Molarity
(c) How added
U3/U
Chromic
Chloride
.0674 gm.
.00025
U3/2A 
& V3/2B
Vanadyl
Sulphate
.041 gm.
U3/3
Titanic
Sulphate
approx.
.. 04 gm.
U3/4
Gold
Chloride
approx 
.076 gm.
.00025
2.5 ml.soln. 2,5 ml.soln.
These solutions were 1.51° soln. 2$ soln. m/lO.
c..00015 c..00025
2.5 ml.soln. 3*8 ml.soln.
(i) Filtered solution, slightly acid, used here. There was a slight j
precipitate which did not dissolve.
(ii) This is identical with the K3 in Table l/8.
Boiled out distilled water was used in this series. \
-Jf I
In the cases of K1 and K2 these figures referred to oxidizing normality |
in acid solution, N/lO solutions were used. In K3 and K4 M/lO solutions J
H3 is identical with that in Table l/8.
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TABLE 2/2
Polymerisation Results.
Expt. Inhibition Polymerisation Percentage
Time Time Polymer.
K1 1.00 18.20 40.1
K2 ** 17.15** 41.3
K3 0.24 18.45 90.9
K4 4.30 14.35 28.4
N1 5*20 48.00 59*0
N2 *** 48.30*** 51*7
N3 0.40 5*55 70.8
U3/1A 5*00 17.00 25.3
U3/2A 0.01-J- 2.00 12.2
U3/2B 0.01-J- 17.45 27.7
U3/3 6.08 17.3
U3/4 2.00 app, 4*30 app. 24.6
Table 2/2 Notes.
** Polymerisation time taken from start owing to MnO^ precipitate. 
*#* *» » »» « » '» « AgCl "
**** m 11 11 it gee text.
NOTESs
*Time 
from 
addition 
to 
thermostat. 
The 
polymer 
yield 
is 
not 
purified 
from 
copper,
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TABLE 4/1.
Use of Bisulphite as Activator - Mixtures,
Temperature 25 °C. All mixtures contained the following, added 
in the indicated order,,
1. p-Toluidine 
N-HC1
2. Sodium Nitrite,
3. Bistilled Water (Net)
4. Acrylonitrile Monomer
5* Sodium Bisulphite 
Solution .
■;m 1
?ioi
,107 gmj Added as 10ml of solution
2,5 nil ) prepared in advance,
0.070 gm, added as 5 ml? M/5 solution, 
To total 43 ml (with 5 "below).
2.65 gm, added as 3.3 ml.
See individual mixes.
Mixture B D E F
Mols meta-
hisulphite added .0007 .000175 .00014 .000105 ,00007 .0000175
Quantity (ml) 1.75 1.4 1.05 0.7
&
2.5 ml of .007M sodium metabisulphite solution added.
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TABLE 4/2a
Use of Bisulphite as Activator - Experimental Results,
Mixture
(Table
4/1).
i A1
i
B1 Cl D1 El FI ;
1
Inhibition i 0.05 0.11 0.13 0.18 0.28 Over 12 hours
Polymer­
isation ; 1.02 1.15 2.00 2.00 3.00 -
$ Polymer j 5«3 4.5 5.0 4.9 6.5 —  t
Inhibition : 0.05 0.11
ii
j
_  #
Polymer­
isation 2.02 2.35
1
i
io Polymer 9«4 13.0
j
Inhibition 0.05 0.12
*
Polymer­
isation 6.00 6.00
ij
io Polymer 13.3 20.3
Inhibition i 0.05 0.12 0.13 0.18 0.28
* iPolymer­
isation 23.30 23.30 17.30 i 17.30 23.30
•
Percent
Polymer
Formed
14.5 51.9 45.1 39-0 45.0
■
Rows marked Inhibition and Polymerisation are times in hours 
and minutes*
TABLE 4/2b
Rows marked Inhibition & Polymerisation are times in Hrs. and Mins
: Mixture 
i Table 4/l A2 B2 ! 02 D2 j E2
: Inhibition 0.07 0.44 i 0.24
t . . ... j,—
0.39 1 0.30
: Polymerisation 1.30 1.30 | 1.30 1.30 \ 1.27
fo Polymer 5.2 4.0 | 3.06 2.83 1 2.12
:Inhibition 0.07
;
0.19 | 0.24 0.37 | 0.30
' Polymerisati on 2.55 3.00 ■: 3.00 3.00 ; 3.00
[f> Polymer 7.5 6.6 6.17 5.3 j 4.4
:Inhibition
■
0.09 0.17 •: 0.24 0.25 i 0.30
:Polymerisation 6.00 6.00 i 6.00 6.01 ; 6.00
[fo Polymer 12.4 17.5 : 15.0 12.2 9.7
1
Inhibition 0.12 0.18 : 0.20 0.24 0.30
Polymerisation 15.48 15.52 ; I5.47 15.54 : 15.50
fo Polymer i 15.9 ; 40.1 ; 37.7 37.3 28.6
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TABLE 4/3.
Simultaneous Use of Bisulphite and Hypophosphite
Temp* 25 C,
Mixture Composition
1. p-toluidine 
N-HC1
2. Sodium Nitrite.
3. Distilled Water
4* Acrylonitrile Monomer 
5* Hypophosphorous Acid
6. Sodium Metabisulphite 
(.07M).
0.107 gm. Added as 10ml solution
2.5 ml prepared in advance.
0,070 gm.? added as 5 ml, M/5 solution. 
A & B C & D
23 ml
2,65 gm (3.3 ml) 
0.33 gm (.005 m)
30.5 ml
2.65 gm (3.3 ml) 
0.33 gm
(Added as 10 ml M/2 solution)
10 ml 
= .0007M
2.5 ml 
= .000175M
Results
Appearance on Mixing 
First Precipitate.
Polymerisation 
Time (mins)
Appearance 
Colour filtered ppt 
Final wt. ppt. (gm)
Immediate Yellowing 
1 minute 
A B
65 130
C
110
Immediate Yellowing 
C 1 min$ D,2 mins.
D
150
Greyish-white, curdy precipitates.
All pale buff.
0.036 0.0355 0.0497
The precipitates melted and partially burned on heating,
and seemed to be elemental sdlphur.
0.0497
TABLE 4/4
Use of Thiourea Dioxide as Activator
Temperature 25°C. 2 o z. scale.
p- toluidine 
N HC1
Distilled Water, Net. 
Acrylonitrile Monomer. 
M/lO Thiourea Dixoide. 
Inhibition Period. 
Polymerisation Time 
Wt final ppt.
$ Polymer
.107 gm
2.5 ml 
30 ml.
2.65 gm.
14 ml. (.1512 mg 100$). 
30 mins.
3 hr s.
O.7688 g.
29.O
TABLE 4/5
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Use of Bisulphite with p-tolyl hydrazine hydrochloride in Activators,
Temp* 25°C. All mixtures contained the following - (see also 4/l)»
1. p-Toluidine 
N-HC1
2. Sodium Nitrite
3* Distilled Water, net.
4« Acrylonitrile Monomer
5* Sodium Metabisulphite
Solution;
.107 gm) Added as 10 ml of
2*5 ml ) solution.
0.070 gm
See individual mixes.
2.65 gm.
2.5 ml of O.575 x M  (Mixtures 2 and 3) 
>■ 10 
1.4 ml of M (Mixture l).
10
p-tolyhydrazine hydro­
chloride (M/2500)
Distilled Water
Inhibition Time
Time of Polymerisation
$ Polymerisation
2. 3.
25 ml
15.5 ml
/32 mins.
13*2
2.5 ml 0.25 ml
38 ml 40.25 ml
13 mins* 14 mins.
4j hrs. throughout 
14.3 14.2
4.
(Blank)
25 ml 
18 ml 
17 mins,
55.1
Note that the bisulphite concentration is approximately equal to that 
in the C series in Table 4/l and 2.
*
Performed simultaneously with series in Table 4/la»
A /V o .
t .An early experiment gave inhibition time of 15 mins., performed 
simultaneously with 2 and 3 but no polymer figure is available.
B1 
and 
Control 
were 
frozen 
at 
-20 
F 
overnight 
before 
filtering.
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TABLE 7/1
Use of o-Toluidine Diazonium Chloride
Temperature 25°C«
Experiment No. 1. 2A & 2B 3.
1:-----S • Mr?"
4.
Formulation.
*
Std 
x = 0
Std 
x = 2.5 ml 
M/lO CuSO^
Std 
X  as 2.5 ml 
M/lO CuS04
Std., 
special prep.
See pp.49 & 5Q»
x = 2 ml
M CuSO 
100 4
Inhibition 
Time . >72 hr So ,< 21 hrs C.13 hrs. ,>3 days
Polymerisation
Time
** C.13 hrs. -
Percent
Polymerisation 12.5 -
Notes.
■K*
In this and all subsequent tables HStdH refers to Standard Mix 
on Page H1X 24.
Some polymerisation was observed after raising temperature to 
35°C (see text), but quantitative measurements were not made.
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YIELDS OP ACRYLONITRILE POLYMER
' TABLE 8/1 
(l)p-TOLUENE DIAZONIUM CHLORIDE
(A) STD INITIATOR SYSTEM4
Mols x 10^
CuSO. 
------------4
Time
(Hrs.
and'
Mins)
Time 
Yield (Hrs. 
arid. 
Mins)
Yield
" T -
Time
(Hrs.
ancL
Mins)
Yield
Time
(Hrs.
and
Mins)
Yield
~ T ’
PT/1957/2 0 il.OO 1.056 2.00 2.156 3.30 5.956?
t'
5.00 6.956
PT/1957/l & 1A 10 ii.oo 5.156 2.00 15.056 3.30 23.8^1 5.00 31.056
R.3 25 11.10 13.156 2.05 18.156 3.10 29.0^? 4.30 35.256
R.3A 25 = 0*58 10.956 2.30 23.856 3.45 32.0565 5.15 41.556
R, 2A 100 i 1.00 25.156 2.30 45.156 4.00 57.7f\ - -
R. 1A 250 I0.55 54.2$ 2.2.6 71.656 3.50 82.156; 5.15 83.4^
R.l 250 11.00 46.7$ 2.02 62.6$ 3.00 72.5^:15.50 76.5$
• TABLE 8/2
(B) INITIATOR SYSTEM ONE HALF CONCENTRATION OF STD
S2 100 i 1.00; 15.656 2.00:29.256! 3.00 138.9561 4.00 43.756;
51 250 j 1.00:40.756 2.30:58.456: 3.40 : 62.456 j 4.10 :77.6$'i
M 2,5% ■ 51 M_
*AMINE 1000 s HC1 1000 : H3 P02 1000 : C^H^ON 20 •
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TABLE 8/3
(C) BENZENE DIAZONIUM CHLORIDE - STD INITIATOR SYSTEM
Mols x 10
CuSO
4
Time Time Time Time
(Hrs, Yield (Hrs. Yield (Hrs. Yield (Hrs. Yield
and and and |[ and
Mins) Mins) Mins) Mins)
AN1 j AN2 0 1.30 3.1* :4.30 7.356 520.30 '■22.456 28.00 27.25$
AN4 10 1.55 19.8/ 53.30 34.5/o :5 5-oo 43.8/ 6.30 48.9/
AN 3 25 1.05 14.9/ 52.15 ro CO • UJ ji 3-45 43.7/ 5.30 51.156
AN 5 100 0.57 23.1?6 52.15 46.7/05i; 4.00 64.6/ 6.00 72.15$
TABLE 8 /4
(3) P-CHLOR BENZENE DIAZONIUM CHLORIDE - STD INITIATOR SYSTEM
W2 0 1,00 *“■^
3 
• 
'
..
..
.
re
k.
2.30 7.156*! 4 .00 9.9/ 5.00 10.956.
22 hrs,
43.2$
W4 10 1.15 26.0/ 3.20 45.1/| 5.10 56.I/0 7 .00 66.3/
W1 25 1.00 29.856 2 .00 45.3/j 3.00 55.3/o 4.00 62.2/
W3 100 1.00 41.7/ 2.30 64.156j 4.00 78.5/ 5 5.30 85.1/
Further series at 2 hrs'.15 mins. & 4 hrs.10 mins. gave polymer 
yields of 4*3/ & 7*2/ respectively.
Anomalous. Later Duplicate repeat of W2 (l hr) at 2,751°
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TABLE 8/5
(4) m-NITROBENZENE DIAZONIUM CHLORIDE - STD INITIATOR SYSTEM
Mols x 10^
CuSO, 
----4
Time
(Hrs.
and
Mins)
Time 
Yield (Hrs.
Ik. an<^
Mins)
Yield
i
Time
(Hrs.
and
Mins)
Yield
i
Time 
(Hrs. 
and 
Mins)
Yield
i
MNA1 0 1.00 7*4$ i; 2.00 11.4# j 3.30 18.1$ 5.00 23.256;
MNA5 10 1.00
OJCVl i 2 .00 33.3/ 13.30 .50.156 5.30 58.5$\
MNA2 25 1.00 26.2$ ii 2.16 40 .9 / 13.30 60.3$ 5.00 59-5^
MNA3 100 1.00 33.4$ j; 2.00 49- 3/o j 3.30 63.3$ 5.16 72.6/;
MNA4 250 1.00
OJ ii 2.00 V71 00 . ro '0'^ : 3. 30 72.0$ 5.00 77 .7 /i
TABLE 8/6
(5) 0-NITROBENZENE DIAZONIUM CHLORIDE - STD INITIATOR SYSTEM
ONA 1 
ONA 1A 
ONA 2 
ONA 3 
ONA 4
*
0
0
25
100
1.00
1.00
1.00
1.00
250 • 1.00
^Anomalous
* — ^Contains 16 x 10 mols NaCl due to part neutralisation.
15.30ks!
42.2/o
15*30hcE
84.1/ i
1 .6 / 2.00 3 .0 /! i 3.30 4 .2 / 5.00
2 .0 / 2.00 3.256!j 3.30 5 .0 / 5.20
5 .1 / 2.00 9 .4 /i i 3.30 12 .8 / 5.00
5 .1 / 2.00 8 .4 /! 3.30 11 .6 / 5.00
5.5$ 2.00 8 .1 / i i 3.30 9 .2 / 5.00
5.
15.
r ^;15.30 JUS. 
6’5^ :i2.9/o \ 
:X5.30hrso
: 23.45^  5 
_»• 15.3Chrs. 
u - w :i9.o^ j 
o ^l5*30hEB.! 
^ 9.9^
Hypophosphorous acid 4/5 of std. quantity in this series.
 ~nnni“ n^ ” " - “ i tn i)mnnnniiiiniifn|im n ir r - r - i
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TABLE 8/7.
(6) P~ NITROBENZENE DIAZONIUM CHLORIDE - STD INITIATOR SYSTEM
Mols x 10
CuSO.
4
Time
(Hrs.
and
Mins)
Time 
Yield (Hrs. 
i. and 
Mins)
Yield
i
Time
(Hrs.
and
Mins)
Yield
i
Time
(Hrs.
and
Mins)
Yield
i
PNAl,2x 0 1.00 22.9/0 2.05 24.7/0 13.30 33.7% 5 5.07'"45.'3/'
PNA 2a 0 1.00 20*3# 2.17 29.9/ ^3.30 42.6% ;5.oo 52.0/
PNA 3 25 1.00 54.1/ 2.16 78.7/ ;3.33 86.0/ ;5.oo 90.8/
PNA 4 100 0.30 47.2/ 1.00 60.6% 51.50 76.7/ ;2.45 83.7#
PNA 5 250 0.20 40.4/ 0.40 57.8/ 51.00 67-5% ;2.oo 82.5/
4 .QO hr So 
36?0/
NOTE; All runs in this series contained excess acid except PNA 2,
TABLE 8/8
r
(7) P^NITRO-O-TOLUiENE DIAZONIUM CHLORIDE - STD INITIATOR SYSTEM
PNOT 1 0 1.00 12.3/i;2.00 19.2/ : - - !5.00 38.7/
PNOT 2 25 1.00 30.0/| 5 2.00 43.9/; 5 3.30 57.5/ ;5.oo 66.6/
PNOT 3 100 1.00 22.4/ n 2.00 43.2% \5 3.30 47.0/ 55.00 46.6/
PNOT 4 250 1.00 27.5/ i;2.00 28.1/ :5 3.30 28.7/ ;5.oo 28.6/
All measurements at 25°C i . 1°C.
Prom direct small scale preparation of diazonium soln. 
_2
X Contains 10 mols NaCl due to part neutralisation.
EXPERIMENTAL OBSERVATION IN THE SYSTEMATIC SERIES
TABLE 9/l
Series Polym. 
Hr. Min.
Inhih, 
Hr. Min.
Polymer Colour
PT/1957/2 1.00 2.03 creamy,white
PT/1957/2 2.00 1.50 creamy white
PT/1957/2 3.30 1.57 white
PT/1957/2 5.00 1.58 white
PT/1957/l 1.00 1.51 creamy white
PT/1957/l 2.00 2.04 white
PT/1957/l 3.30 1.57 white
PT/1957/l 5.00 1.48 white
R3 1.10 1.10 white
R3 2.05 1.10 white
R3 3.10 1.20 white
R3 4.30 1.10 white
R3A 0.58 1.06 creamy white
R3A 2.30 1.06 white
R3A 3.45 1.10 white
R3A 5.15 1.09 white
R2A 1.00 0e37 white
R2A 2.30 0.55 white
R2A 4.00 0.43 white
R U 0.55 0.16 white
R U 2. 26 0.19 white
R U 3.5O 0.20 white
R1A 5.15 0.20 white
R1 1.00 0.28 off-white
HI ' 2.00 0.25 off-white
R1 3.00 0.28 off-white
R1 15.50 0.20 off-white
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9/4 
Table 
9/b
Table 9/6
Series Polym. lir. Min,
tnhib. 
HrSi Mins. Polymer Colour
0M1 1.00 0.05 Sand-yellow
OEM 2.00 0.08 Sand-yellow
OEA1 3.30 0.10 Sand
OM1 5.oo 0.04 Sand
ONAla 1.00 0.24 Sand*
OHAla 2.00 0.20 Sand*
ONAla 3.30 0.24 Sand*
OHA la 5.00 0.26 Sand*
CHAla 15.30 0.24 Yellow
OM2 1.00 0.06 Light sand
01TA2 2.00 0.05 Light sand
0M2 3.30 0.04 Light sand
0NA2 5.00 0.04 Light sand
0M2 15.30 0.05 Light sand
C3STA3 1.00 0.01 yellow-brown
ONA 3 2.00 0.01 yellow-brown
OM3 3.30 0.01 yellow-brown
OM3 5.00 0.01 light brown
ONA3 15.30 0.05 yellow-brown +' 
whitish specks.
OM4 1.00 0.01 yellow-brown
OM4 2.00 0.0! dark brown
OM4 3.30 almost zero dark brown
' ONA4 5.00 0.01 dark brown
OM4 15.30 0.’03 dark brown
* Becoming lighter with increasing polymerisation time.
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Table 9/7
Series Polym. Hr. Min.
Inhih. 
Hrs. Mins. Polymer Colour
PM2 1.00 0.07 Sand
PM2 . 2.05 0.07 Sand
P M  2 3.30 0.12 Peep cream
P M  2 5.00 0.12 Cream
PM1 4.00 0.05 (Breen-yellow
PM2a 1.00 0.14 Sand**
P M  2a 2.17 0.09 Light yellow**
PM2a 3.30 ‘ 0.09 Greenish**
PM2a 5.00 °.°9 Cream yellow
PNA3 1.00 0.03 \ Pull cream
PM3 2.16 0.03 Pull cream
PHA3 3.30 0 . 0 2 i , dull cream
PM3 5*00 0.02i pale cream
PNA4 1.00 0.04 sandy huf f+
PM4 1.50 0.04 sandy huf f+
: PM4 2.40 0.03 sandy huff4-
PM5 ■ 0.20 approx 0.01 huff+
PM5 0.40 " 0.01 huff+
PM5 1.00 ' " O.oii huff+
PM5 2.00 " 0.02J huff+
** Contains darker specks. 
+ Somewhat discoloured.
Table 9/8
Series Polym.Hrs. Mins.
Inhib.
Hr s. Mins. Polymer Colour
PN0T1. 1.00 0.11 cream-buff
PHOT2. 2.00 0.11 cream-buff
PHOT1. 5*00 0.11 cream-buff
PHOT2. 1.00 0.07 dark 'buff.
PH0T2. 2.00 0.06 buff
FHOT2. 3.30 0.08 buff
PH0T2. 5.00 . 0.08 cream-buff
PHOT3. 1.00 0.01 light cream
PHOT3. 2.00 0.01 light cream
PHOT 3. 3.30 0.01 light cream
PH0T3. 5.00 0,01 light cream
PH0T4. 1.00 0.10 deep cream
PHOT4. 2.00 30 secs. deep cream
PHOT4. 3.00 30 secs. deep cream
PNOT4. 4.00 30 secs. deep cream
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TABLE lO/l
Relative Viscosities at 0.4$ in BimethyIformamide,
Series No. 1 
(As Table 8)
Amine Aniline
Sample Ref
1.214
1.208
Rl, R1A i SI W3 MHA4
p-To.luidinej p-Toluidme
_ ---------------------— i-------- —
I
p-chloranilinejm-nitraniline
1.198 I
i
1.293 1.202
1.192 1 1.334 1.194
1.177 Ii 1.288 1.193
1.181 ! 1.194
178.
ORA la0RA1Series Ro
o-nitranilineo-nitranilinep-nitranilineAmine
Sample Ref
1.031
1.117
These numbers refer to the time order as in Table 8.
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TABLE 10/2.
Sample No.
RIANo•3 
R2 No. 3
R2ANo.3
51 No.3
52 No. 4 
R3 No.3
Initiator 
. System
Std.
tt
Half
Std
Cu x 10
250
100
100
250
100
25
Time of 
Polymerisation
Rel. Viscosity 
0.4$* P.M. P.
3 hr.50 min. I.I76 (1.200)
3 hr.00 min. 1*269 (l.30l)
(New sample 1.366)
4 hr.00 ; 1.262 (I.258) j
A i
3 hr.40 min. : 1.326 ;
(New samples 1.283 & 1.279*:
4 hr.00 1.326
(New samples I.25I & 1.345'
3 hr 10 min. 1.263 (1.306)
The figures in brackets are new results on the ORIGINAL solutions, 
which had been retained for approx, 2 weeks.
TABLE 11,
PHOSPHORUS CONTENT AND NUMBER AVERAGE MOLECULAR WEIGHT.
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! l.
r~ ---- --
2 _^____3.___\ 4* i S. _ _ _ _ _ _ _ _ _ _ _ _ _ 6._ _ _ _ j, i
— f t
P in resin 
Sample 
(Col.l.)
m$  V 
in 
Resin
1 Solution
!
Polymer
1
]
Quantity |
"Eel” : 
Net 
Reading
Number 1 
Average j 
M.W. |
i
!:
Std. Phosphate 1 ml i 11.7 11.28
Std. Phosphate 2 ml 22.4 22.56
Std. Phosphate 3 ml 33.4 33.84
Std. Phosphate
i
4 ml 43.4 45.12
■
AN4 20 mg 5.7 5.7 .285 10,880
AN4
■
64 mg 11.4 11.4 .178 17,400
*
AN4 114.5 mg 22.4 22.4 .194 15,800
RIANo. 3 40 mg 10.7 10.7 .268 11,600
RIANo. 3 43.1 mg 10.9 IO.9 .253 12,260
RIANo. 3* 32.3 mg 10.9 10.9 .337 9,190
RIANo. 3 52.2 mg 13.3 13.3 .255 12,170
PT/1957/IA 36.6 mg 8.3 8.3 .227 13,660
n *
; 42.6 mg 7.5 7.5 .181 18,930
,. ** !
!'
36 mg 7.9 7.9
1
li
.219 14,130
!
Notes.
* »Sample alkali washed. Stage A.
Sample alkali washed and reprecipitated. Stage B. See Text.
1 unit on MEELH ahsorptiometer « 1 microgram of phosphorus in
original sample.
iNote that phosphorus in total resin (Col.l) is 10 times Col.4 figure,
since only l/lO was used in test (See p„E7).
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TABLE 12
COPPER CONTENT OP POLYMERS
Sample Refs Original Wt.(mg)
I . i
| Copper | 
Pound ( g) |
i
Copper
Polymer
Mol.Wt.
Minimum
R1 No. 2 40
! j 
I 285 1 0.71 9,000
R1A No.3 43.1
01—
1 0.33 19,200
*
RIANo.3 52.2 !  27 0.05 cl28,000
PT/1957/1A ] 36.6 I 20 :[ O.O54 cl20,000
PT/i957/iA*j 36
i
I 5 1 0.014 c480,000
Notes?
*)£
Purified Samples , (Stage B) as in Phosphate Determinations. 
Assuming 1 copper per molecule of polymer.
TABLE 13
COMPARISON OF MIXTURES OF KOKNBLUM, NONHEBEL & H.W.
All mixtures are shown below on the same scale as the standard 
mixture on p. 24 (taken as 60 ml). Comparisons are with Table 1 
of Nonhebel.
Kornblum Nonhebel H.W.
Diazonium Salt
(a} Type Hypophosphite Fluoroborate Chloride
(b) Molar quantity .015* .00062 .001
Hypophosphorous Acid *15 .OO48 .005
(Mols)
Copper. Sulphate .0008 .0006 Maxf .00025
(Mol#) Min .00001
Acrylonitrile Monomer - 2.4 ml. 3.3 ml.
Operational Temp, 13.8°C 25°C. ** 25°C
** Presumed. It is not entirely clear from the text.
* Kornblum’s mixtures contain barium hydroxide added to 
neutralise sulphuric acid present from diazonium salt,
N.B. The above table is a comparison of ratios only. It is not 
not intended to represent any specific mixture.
lifS
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